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ABSTRACT 

We present a photometric analysis of the star clusters Lindsay 1, KronS, NGC339, NGC416, Lind- 
say 38, and NGC 419 in the Small Magellanic Cloud (SMC), observed with the Hubble Space Telescope 
Advanced Camera for Surveys (ACS) in the F555W and F814W filters. Our color magnitude diagrams 
(CMDs) extend ~3.5 mag deeper than the main-sequence turnoff points, deeper than any previous 
data. Cluster ages were derived using three different isochrone models: Padova, Teramo, and Dart- 
mouth, which are all available in the ACS photometric system. Fitting observed ridgelines for each 
cluster, we provide a homogeneous and unique set of low-metallicity, single-age fiducial isochrones. 
The cluster CMDs are best approximated by the Dartmouth isochrones for all clusters, except for 
NGC 419 where the Padova isochrones provided the best fit. Using Dartmouth isochrones we derive 
agesof 7.5±0.5 Gyr (Lindsay 1), 6.5±0.5Gyr (Kron3), 6±0.5 Gyr (NGC 339), 6±0.5 Gyr (NGC 416), 
and 6.5 ± 0.5 Gyr (Lindsay 38). The CMD of NGC 419 shows several main-sequence turn-offs, which 
belong to the cluster and to the SMC field. We thus derive an age range of 1.2-1.6 Gyr for NGC 419. 
We confirm that the SMC contains several intermediate-age populous star clusters with ages unlike 
those of the Large Magellanic Cloud (LMC) and the Milky Way (MW). Interestingly, our intermediate- 
age star clusters have a metallicity spread of ^0.6 dex, which demonstrates that the SMC does not 
have a smooth, monotonic age-metallicity relation. We find an indication for centrally concentrated 
blue straggler star candidates in NGC 416, while for the other clusters these are not present. Using 
the red clump magnitudes, we find that the closest cluster, NGC 419 (~50 kpc), and the farthest 
cluster, Lindsay 38 ('^67 kpc), have a relative distance of ~17 kpc, which confirms the large depth of 
the SMC. The three oldest SMC clusters (NGC 121, Lindsay 1, Kron3) lie in the north-western part 
of the SMC, while the youngest (NGC 419) is located near the SMC main body. 

Subject headings: galaxies: star clusters, — galaxies: Magellanic Clouds 



1. INTRODUCTION 

Star clusters are powerful tools for probing the star- 
formation history and the associated chemical evolution 
of a galaxy. As one of the closest star forming galax- 
ies with star clusters covering a wide range of ages, the 
Small Magellanic Cloud (SMC) is a preferred location 
for detailed studies of this class of objects. The SMC 
is the only dwarf galaxy in the Local Group contain- 
ing populous intermediate-age star clusters of all ages. 
The SMC appears to be part of a triple system to- 
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gether with the Large Magellanic Cloud (LMC) and 
the Milky Way (MW). Its star formation activity may 
be triggered by interaction s with its companions (e.g. 
lYoshizawa fc Noguchi|[2003l ). The proximity of the SMC 
allows us to resolve individual stars in compact and mas- 
sive star clusters of intermediate and old age, down to the 
sub-solar stellar mass regime. 

The globular cluster (GC) system of the MW ex- 
hibits a range of ages between '^10.5 and 14 Gyr (e.g., 
iDe Angeli et al.l |2005[ ) with the oldest populations be- 
longing to the most ancient surviving stellar systems. 
In the Galactic halo, a "young" group of star clus- 
ters is found wit h Pal 1 being the you ngest with an 
age of 8 ± 2 Gyr (jRosenberg et al.lll998f ). Theories ex- 
plaining the origin of these so-called young halo clus- 
ters, consider them to have been captured by the MW 
(jBuonanno et al.lll995f) . to have been formed during in- 
teractions between the MW and the Magellanic Clouds 
(jFusi Pecci et al.l[l995[ ). or to have been accreted from 
destroyed and/or merged dwarf satellites (e.g., IZinnI 
[1993; Mackey & Gilmorc 2004). 

The star formation history of the LMC shows pro- 
nounced peaks that coincide with the times of possible 
past close encounters between the LMC, SMC and MW, 
indicative of interaction-triggered cluster formation (e.g., 
Girardi et al. 1995). In the LMC, two epochs of clus- 
ter formation have been observed that are separated by 
an " a ge gap" of ab out 4 - 9 Gyr (e.g.. iHoltzman et all 
119991 : Ijohnson et al.l[l999t iHarris fc Zaritskvll2001h . In 
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the early epoch a weU-estabHshed population of metal- 
poor {{[Fe/H]) r^ —2) star cluste rs with comparable 
properties to Galactic halo c lusters (" SuntzefF et al.|[l992t 
lOlsen et al.lll998t iDutra et a l. 1999) was formed. These 
clusters are as old as the oldest globular clusters in the 
MW and in the Galactic dwarf spheroidal companions 
(jGrebel fc Gallagherll2004f ). In a second epoch, a large 
population of intermediate-age clusters with ages less 
than 3-4 Gyr have developed. 

In contrast, the SMC contains only one old GC, 
NGC 121, which is 2-3 Gyr younger tha n the oldest GC 
in the LMC and MW (jGlatt et al.ll2f)0ah (Paper I). The 
second oldest SMC star cluster, Lindsay 1, has an age of 
7.5 ±0.5 Gyr, and since then compact populous star clus- 
ters h ave fo rmed fairly continuously until the present day 
(e.g.. iDaCosta 2002 ). Furthermore, the intermediate- 
age clusters in the SMC might survive for a Hubble 
time, due to their high mass and t he structure of the 
SMC (no bulge or disk to be passed) ( Hunter et al.l[2003l : 
iLamers et al.ll2005HGieles et al.ll2007i r ^ 

The existing age determinations to this point have 
often been associated with large uncertainties. Stellar 
crowding, field star contamination and faintness of the 
main-sequence turnoffs made the measurement of pre- 
cise ages difficult. These problems affect in particu- 
lar ground-based data. Another difhculty is the large 
depth extent of the SMC which exacerbates the distance 
modulus-reddening degeneracy for each cluster. These 
uncertainties can affect the age determination consider- 
ably 

The capabilities of the Advanced Camera for Surveys 
(ACS) aboard the Hubble Space Telescope (HST) provide 
an improvement both in sensitivity (depth) as well as 
angular resolution, which is essential for reliable photo- 
metric age determinations in dense clusters. We present 
improved cluster ages and distance determinations for 
Lindsay 1, Kron3, NGC 416, NGC 339, Lindsay 38, and 
NGC 419. This is part of a ground-based and space-based 
program to uncover the age-metallicity evolution of the 
SMC. Our space-based imaging data were obtained with 
HST/ACS and our ground-based spectroscopy was ob- 
tained with Very Large Telescope (VLT). We combine 
our photometric results with spectroscopic metallicity 
determinations to obtain a well-sampled age-metallicity 
relation. 

The age-metallicity relation determined so far 
indicated that SMC clusters of similar age may 
differ by several tenths of dex in metallicity 
(|Da Costa fc Hatzidimitrioul |1998[ ). Previous stud- 
ies provided ages and metallicities of SMC star clusters 
using a variety of techniques and telescopes (see 
§ [7]). Combining all published cluster ag es for e.g . 
Kron3 (5-10 Gvr) dGascoigne 1966.: Alcaino e~allll996l : 
iMighell et all Il998bl : lUdalskil 119981 : iRich et all l200?ih . 
we find a wide range of ages for some key star clusters 
depending on the method used for the determination. 

Here we present the deepest available photometry with 
HST/ACS, which allows us to carry out the most ac- 
curate age measurements obtained so far. We deter- 
mine the ages of these clusters utilizing three different 
isochrone models, which also yields distances. In the 
next Section we describe the data reduction procedure. 
In §|3]we present the color- magnitude diagrams (CMD) 
of the clusters and discuss their main features. In § [S] 



we describe our age derivation method and present our 
results. We give an estimate of the distances of our clus- 
ters long the line-of-sight in § IH] and present a discussion 
and a summary in Sections § [7] and § [51 respectively. 

2. OBSERVATIONS AND REDUCTIONS 

The SMC clusters Lindsay 1, Kron3, NGC 339, 
NGC 416, Lindsay 38, and NGC 419 were observed with 
the HST/ACS between 2005 August and 2006 March 
(Table [T]). The observations are part of a project (GO- 
10396; principal investigator: J. S. Gallagher, III) that 
is focused on cluster and field populations and the star 
formation history of the SMC. 

The images were taken with the F555W and F814W 
filters, which closely resemble the Johns on V and I fi l- 
ters in their photometric properties (Siri anni et al.l2005[ ). 
For Lindsay 1, Kron3, NGC 416, NGC 339, and Lind- 
say 38 we discuss photometry from the Wide Field Cam- 
era (WFC), while for NGC 419 and for the center re- 
gion of NGC 416 photometry from the High Resolution 
Camera (HRC) was used. The WFC images cover an 
area of 200" x 200" at each pointing with a pixel scale of 
~0.05 arcsec. The HRC images cover an area of 29" x 26" 
at each pointing with a pixel scale of ^^0.025 arcsec. 

The data sets were processed adopting the stan- 
dard Space Telescope Science Institute ACS calibration 
pipeline (CALACS) to subtract the bias level and to ap- 
ply the flat field correction. For each filter, the short 
and long exposures were co-ad ded independently using 
the MULTIDRIZZLE package (jKoekemoer et alJl2002t ). 
Cosmic rays and hot pixels were removed with this pack- 
age and a correction for geometrical distortion was pro- 
vided. Because these mainly affect the faint stars we 
did not perform CTE corrections. The resulting data 
consist of one 40 s and one 1984 s exposure (1940 s for 
Lindsay 38) in F555W and one 20 s as well as one 1896 s 
exposure (1852 s for Lindsay 38) in F814W (Tab. [J). The 
HRC data of NGC 419 consist of 70 s and 1200 s expo- 
sure in F555W and 40 s and 1036 s exposure in F814W 
each. 

The photometric reductions were carried out using 
the DAOPHOT package in the IRAF ^ environment on 
DRIZZLcd images. 

WFC: Saturated foreground stars and background 
galaxies were d iscarded by using the Source Extractor 
(iBertin fc Arno uts 1996). Due to the different crowd- 
ing and signal-to-noise ratio properties of the long and 
the short exposure, photometry involving point spread 
function (PSF) fitting was only performed on the long 
exposures. For the short exposures, we used aperture 
photometry, which turned out to yield smaller formal 
errors than PSF photometry (see also Paper I). The de- 
tection thresholds were set at 3 cr above the local back- 
ground level for Lindsay 1 , 1 cr for Kron 3 and 4 a for 
NGC 339, NGC 416, and Lindsay 38 in order to detect 
even the faintest sources. The threshold levels were set 
based on the different crowding effects of the single clus- 
ters. The data reduction and photometry for the WFC 
images followed exactly the procedures outlined in Pa- 

^ IRAF is written and supported by the IRAF program- 
ming group at the National Optical Astronomy Observatories 
(NOAO) in Tuscon, Arizona. NOAO is operated by the Asso- 
ciation of Universities for Research in Astronomy, Inc. under 
cooperative agreement with the National Science Foundation. 
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TABLE 1 
Journal of Observations 



Cluster 


Date 




Total Exposure Time 


R.A. 


Dec. 




yy/mm/dd 


Filter 


is) 






Lindsay 1 


2005/08/21 


F555W 


40.0 


0'"03™53.19'' 


-73°28'15.74" 








1984.0 


0''03™52.66'' 


-73°28'16.47" 






F814W 


20.0 


O'^OS™ 53.19" 


-73°28'15.74" 








1896.0 


0''03™52.66'' 


-73°28'16.47" 


KronS 


2006/01/17 


F555W 


40.0 


0h24™41.64'' 


-72°47'47.49" 








1984.0 


0h24™41.92'' 


-72°47'45.49" 






F814W 


20.0 


0'i24™41.64'' 


-72°47'47.49" 








1896.0 


0'i24™41.92'' 


-72°47'45.49" 


NGC339 


2005/11/28 


F555W 


40.0 


0''57™47.40'' 


-74°28'26.25" 








1984.0 


0''57™47.13'' 


-74°28' 24.16" 






F814W 


20.0 


0''57™47.40'' 


-74°28'26.25" 








1896.0 


0''57™47.13'' 


-74°28'24.16" 


NGC416 


2006/03/08 


F555W 


40.0 


l''07'" 53.59" 


-72°21'02.47" 


(WFC) 






1984.0 


l''07™ 54.09" 


-72°21'01.79" 






F814W 


20.0 


1''07™ 53.59" 


-72°21'02.47" 








1896.0 


1*^07™ 54.09" 


-72°21'01.79" 


NGC416 


2006/08/12 


F555W 


70.0 


1*^07™ 58.76" 


-72°21'19.70" 


(HRC) 






1200.0 


l'"07™ 58.96" 


-72°21'19.30" 






F814W 


40.0 


l'"07™ 58.76" 


-72°21'19.70" 








1036.0 


1''07™ 58.96" 


-72°21'19.30" 


Lindsay 38 


2005/08/18 


F555W 


40.0 


0'^48™57.14" 


-69°52'01.77" 








1940.0 


0*^48™ 56.76" 


-69°52'03.07" 






F814W 


20.0 


0'"48™57.14" 


-69°52'01.76" 








1852.0 


0''48™ 56.76" 


-69°52'03.07" 


NGC419 


2006/01/05 


F555W 


40.0 


l''08™12.53" 


-72°53'17.72" 


(WFC) 






1984.0 


l''08™12.71" 


-72°53'15.49" 






F814W 


20.0 


l''08™12.53" 


-72°53'17.72" 








1896.0 


l'^08™12.71" 


-72°53'15.49" 


NGC419 


2006/04/26 


F555W 


70.0 


l''08™17.93" 


-72°53'03.60" 


(HRC) 






1200.0 


l''08'" 17.78" 


-72°53'02.80" 






F814W 


40.0 


1''08'" 17.93" 


-72°53'03.60" 








1036.0 


l''08™17.78" 


-72°53'08.80" 



per I, and for a detailed description we refer the reader 
to this paper. 

HRC (NGC416, NGC419): The photometry was car- 
ried out independently in F555W and F814W. The de- 
tection threshold was set at 4 cr for both NGC416 and 
NGC 419 above the local background level. 

For those stars common in both filters, we first per- 
formed aperture photometry using an aperture radius of 
2 pixels to avoid the diffraction ring. Due to the fact 
that the PSF does not vary on the HRC images, a PSF 
then was constructed by combining 10 bright and isolated 
stars that were uniformly distributed over the entire im- 
age. The PSF photometry was then carried out. The 
objects found in both images were cross-identified and 
merged with a software package written by P. Monte- 
griffo (private communication). 

A spatial projection of the clusters' location towards 
the SMC {red circles) is shown in Figure [1] super- 
imposed on a star map of the SMC generated us- 
ing the point source catalog of the Small Mage llanic 
Cloud Photometric Survey (jZaritskv et all l20C)ai for 
stars V<16.5 mag. Additionally, we show the location 
of the eight intermediate-age star clusters {blue crosses), 
which we will discuss in § [71 

We show the photometric errors assigned by 
DAOPHOT for Kron 3 in Figure [2] as these are repre- 
sentative of our WFC data. The formal photometric 
errors remain negligible over a wide range of magni- 



tudes for stars measured on the short exposures. Pho- 
tometry obtained with aperture photometry on the long 
exposure yields smaller errors for stars brighter than 
'7^555.814 '^ 22 mag than with PSF photometry. In 
KronS, all brighter stars in the long exposures down 
to 771555 < 18.5 mag and 7^514 < 18.7 mag are satu- 
rated. For stars brighter than 777555^814 — 20 mag, the 
short exposure sample {blue dots), in the interval be- 
tween 21.8 < 777555314 < 20 mag the long exposure aper- 
ture photometry sample {red dots) and for stars fainter 
than 777555 814 = 21.8 mag the long exposure PSF pho- 
tometry sample {black dots) was used. We determined 
the cuts between the samples based on the 777555 data 
and adopted the same value for 777814 so as to avoid a 
color slope associated with this division. 

For our study, we rejected all stars with a a error larger 
than 0.2 mag and a DAOPHOT sharpness parameter 
-0.2 < s < 0.2 in both WFC and HRC filters. The 
resulting color-magnitude diagrams (CMD) of Lindsay 1, 
Kron 3, NGC 339, NGC 416, Lindsay 38, and NGC 419 
are shown and discussed in the following Section. 

3. THE COLOR-MAGNITUDE DIAGRAMS 

All the CMDs of our six clusters show a well-populated 
main-sequence (MS), and clearly defined sub-giant and 
red-giant branches (SGB and RGB, respectively). The 
asymptotic giant branch (AGB) is less tightly defined, 
but clearly present in all cases, and especially evident in 
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Fig. 1. — Spatial Distribution in 2D of our cluster sample (red circles). The location of eight additional SMC clusters, for which reliable 
ages from the literature are available, is shown (blue crosses). We obtain a complete sample of all intermediate-age and old SMC star 
clusters (see §[5ll, which we will discuss in ij [6l and [7l One of the clusters, Lindsay 116, lies outside the coordinate boundaries of the Figure. 
The cluster locations are sh own superimpo sed on a star map of the SMC generated using the point source catalog of the Small Magellanic 
Cloud Photometric Survey llZaritskv et al.|[2002l) for stars with V<16.5 mag. 



NGC416 (Fig.[ni). We define the main-sequence turnoff- 
point (MSTO) to represent the bluest point on the ob- 
served ridgehne. The data allow us to carry out the 
most accurate age measurement obtained so far (see Sec- 
tion [S]), while also deriving improved distances. Lind- 
say 1, KronS, NGC 339, NGC416, and Lindsay 38 ap- 
pear to be single-age, simple stellar population objects, 
while the WFC data of NGC 419 shows multiple turnoff- 
points. For this reason we will discuss this cluster in 
greater detail in a separate paper (Sabbi et al. 2008, in 
preparation). 

The CMDs show no obvious evidence for Galactic fore- 
ground contaminat ion due to the hig h Galactic latitude 
of the SMC (e.g., iRatnatunga fc Bahcall 1985) . How- 
ever, we find significant SMC field star contamination 
in the CMDs of Kron3, NGC 339, NGC 416, and also in 
the HRC CMD of NGC 419. Field stars naturally are 
more problematic in CMDs of clusters near the SMC 
main body. For all clusters we give the magnitude of 
the MSTO, the red clump, and the red bump in Tabled 
For the red clump and the red bump the mean magnitude 
was calculated by averaging the magnitudes of all clump 
and bump stars respectively and finding the maximum 



of each luminosity function. 

For Kron3 and Lindsay 38 no red bump was found. 
The red bump is a feature predicted by stellar evolu- 
tion models, which imply that the luminosity of the RGB 
bump is dependent on the metallicity and age of the clus- 
ter. The failure to identify a red bump in the CMD of 
Lindsay 38 is due to its sparseness. The CMD of Kron3, 
however, is well-populated, but despite sufficient statis- 
tics a red bump is not present, for which we have no 
physical explanation. In the CMDs of Lindsay 1, Kron3, 
and NGC 339 a gap on the RGB at ~20 mag is visible. 
For Lindsay 1 and Kron 3 this feature is artificial due to 
the cuts in photometric errors and sharpness we applied. 
However, for NGC 339 the gap appears to be real (see 



3.1. Lindsay 1 

The populous cluster Lindsay 1 ()Lindsavlll958( ) is the 
westernmost known cluster in the SMC and lies around 
3.5° west of the bar. Lindsay 1 is the second old- 
est star cluster in the SMC after NGC 121 (e.g.. Pa- 
per I). The color- magnitude diagram (CMD) of Lindsay 1 
is presented in Figure [3l The CMD reaches ^3 mag 
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Fig. 2. — Photometric errors assigned by DAOPHOT to stars 
on the short (blue dots), and on the long (aperture photometry: 
red dots, PSF photometry: black dots) exposures for the cluster 
Kron 3. Stars brighter than "-^IS-S mag in the long F555W exposure 
and brighter than ~18.7 mag in the long F814W exposure are 
saturated and are therefore not shown. The samples of the short, 
and the long exposures measured with aperture photometry and 
PSF photometry are combined at 21.8 mag and 771555 = 20 mag 
(indicated by the thin vertical lines). For the F814W exposures 
we chose the same magnitude value in order to avoid introducing 
a color slope in the color-magnitude diagram of the resultant data 
set. 
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Fig. 3. — CMD of Lindsay 1 and its surroundings. Only stars 
with good photometry [a < 0.2 mag and —0.2 < sharpness < 0.2) 
are shown; 15,321 stars in total. Representative errorbars (based 
on errors assigned by DAOPHOT) are shown on the left for the 
m555-msi4 color. 

deeper than the previous deepest a,vailab le photometry 
(jMighell et al.lll998bl: lAlcaino et al.ll2003D . Lindsay 1 is 
located in a low-density area outside the main body of 
the SMC (see Fig. [T]). Therefore we find only little field 
star contamination by younger populations near Lind- 
say 1. 

In Figure 2] we display the CMD for the stars in the 
center region of Lindsay 1. The location of the cluster 
center was visually estimated. All stars within a radius 




Fig. 4. — CMD of the central region of Lindsay 1. All stars 
within a radius of 45" were selected. We used this CMD for the 
determination of a representative color-magnitude ridgeline (cyan 
line) of Lindsay 1. This CMD contains 5,561 stars. 

of 45" were selected to create the center sample. Most of 
the field contamination has vanished. Given the width of 
our MS, we cannot infer any information on the presence 
and percentage of unresolved binary systems. 

We find a well-populated red clump at a mean magni- 
tude of 771555 = 19.36±0.04 mag. Our value is in excellent 
agr eement with the horizo nt al branch magnitud e foun d 
bv ISar aiedini et al.' ("1995^; 'Alves fc Saraiedinil (|1999f) : 
iRich et a l. (2000); Crowl et al. ( 200l and Alcaino et 
al.(2003)). Obviously, Lindsay 1 is not old enough to 
have developed an extended red horizontal branch, which 
in itself is already a strong indication that Lindsay 1 is 
younger than NGC121. We refer to iSalaris &: Girardil 
|2002) who study the behavior of the red clump as a 
function of age. 

The red clump of Lindsay 1 is '^0.35 mag brighter in 
F555W than that of NGC121. The luminosity differ- 
ence may imply that Lindsay 1 is closer than NGC 121 
along the line-of-sight, which actually seems to be the 
case (see §[S]). Adopting the absolute red clump magni- 
tudes given bv lGirardi fc Salarii (|2C)01D. and the redden- 
ing values from the Schlegel maps (jSchlegel et"aI1ll998f) 
of Eb-v — 0.03 mag, we find an absolute red clump 
magnitude difference between NGC 121 and Lindsay 1 of 
AM^^55 ~ 0.28 mag. Therefore, the feature seen in 
Lindsay 1 , should be considered a red clump and not a 
red horizontal branch. 

The gap on the RGB at 771555 ^ 19.8 mag is an ar- 
tificial feature due to small number statistics resulting 
from our photometric selection (only photometry with 
a < 0.2 mag and —0.2 < s < 0.2 is shown). 

3.2. Kron 3 

Kron 3 lies well outside the main SMC body, about 
2° west of the bar . The cluster was first cataloged by 
I Shaplev fc Wilson! (|1925D . and it is number 3 in Kron's 
(1956) catalog of SMC star clusters. The highly popu- 
lated CMD of Kron 3 is presented in Figured The CMD 
reaches ^2 magnitude s deeper than the previous deepest 
available photometry (jRich et al.ll2000f ). 
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Fig. 5. — CMD of KronS and its surroundings. Only stars 
with good photometry [a < 0.2 mag and —0.2 < sharpness < 0.2) 
are shown; 30,264 stars in total. Representative errorbars (based 
on errors assigned by DAOPHOT) are shown on the left for the 
iris55-msi4 color. 
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Fig. 7.— CMD of NGC 339 and its surroundings. Only stars 
with good photometry (cr < 0.2 mag and —0.2 < sharpness < 0.2) 
are shown; 29,304 stars in total. Representative errorbars (based 
on errors assigned by DAOPHOT) are shown on the left for the 
'"555-01814 color. 
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Fig. 6. — CMD of the central region of KronS. All stars within 
a radius of 40" were selected. We used this CMD for the determi- 
nation of a representative color-magnitude ridgelinc (cyan line) of 
Kron3. This CMD contains 13,584 stars. 

Field star contamination is visible along an extension 
of the main-sequence, towards brighter and bluer objects 
than at the cluster's MSTO. However, the cluster center 
is not affected by crowding, even though the center region 
is very dense. 

In Figure [S] we display the CMD for the stars within 
40" of the center of KronS. From the width of the MS, 
we cannot draw any conclusions about the presence of 
unresolved binary systems. The aforementioned traces 
of field contamination are still visible. 

3.3. NGC339 

NGC 339 is located outside the SMC main body, 
around 1° south of the bar. The resulting CMD is shown 
in Figure [7l which reaches ^2 magnitudes deeper than 




Fig. 8.— CMD of the central region of NGC 339. All stars 
within a radius of 35" were selected. We used this CMD for the 
determination of a representative color-magnitude ridgeline (cyan 
line) of NGC 339. This CMD contains 8,555 stars. 

the previous deep est available photometry, published by 
IRichet al.l((200iDI) . 

The SMC field is present along the luminous extension 
of the main-sequence. The cluster center is fully resolved 
and not affected by crowding since this is a very low 
density cluster. All features in our CMD are well defined. 
We cannot infer any information on unresolved binary 
systems due to the width of our MS. Unlike for the other 
clusters in our sample, the gap on the RGB at 771555 ^ 
20 mag is not an artificial feature. It is visible in both the 
single short and long exposures and has also been found 
in ot her SMC clusters, e.g. NGC 288 (Bell azzini et all 
[2OOI . 

To create the center sample, all stars within a radius 
of 35" around a visually estimated center were selected 
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Fig. 9. — CMD of NGC 416 and its surroundings. Only stars with 
good photometry (tr < 0.2 mag and —0.15 < sharpness < 0.15) are 
shown; 18,764 stars in total. Additionally, we discarded all stars 
located within a radius of 15" around the cluster center, due to 
the high density of the cluster center and the resulting insufficient 
photometry. Representative errorbars (based on errors assigned by 
DAOPHOT) are shown on the left for the 'mc,^^-m^n color. 
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Fig. 10.— CMD of the HRC data of the center region of NGC 416. 
We used this CMD for the determination of a representative color- 
magnitude ridgeline (cyan line) of NGC 416. This CMD contains 
4,992 stars. 

and displayed in Figure [51 The SMC field is still clearly 
visible, which was expected due to the location of the 
cluster close to the SMC main body. 

3.4. NGC416 

The cluster NGC 416 is located in the wing of the SMC. 
This part of the SMC is characterized by an increased 
stellar density that may represent a tidal extension to- 
wards the LMC. Due to the location of NGC 416 in the 
wing of the SMC, we expect a very rich CMD with strong 
SMC field star features. Our resulting CMD (Fig. O in- 
deed presents a densely populated MS, SGB, RGB, AGB 
and red clump as well as more luminous blue MS and 
blue loop stars stars that belong to younger SMC field 




Fig. 11. — CMD of Lindsay 38 and its surroundings. Only stars 
with good photometry [a < 0.2 mag and —0.2 < sharpness < 0.2) 
are shown; 3,716 stars in total. Representative errorbars (based 
on errors assigned by DAOPHOT) are shown on the left for the 
m555-msi4, color. 

populations. The RGB is also broadened by SMC field 
stars and is not as narrow as in the other clusters in our 
sample. About 0.1 mag offset to the blue of the RGB, 
we find a very well-populated AGB. 

To obtain the final CMD we combine the HRC and 
the WFC photometry and discard the overlapping cen- 
ter region from the WFC catalog. For the WFC cata- 
log, we only use PSF photometry of the long exposures 
and aperture photometry of the short exposures, because 
aperture photometry could not resolve single stars in the 
dense center region. The high density of the cluster cen- 
ter made it very difhcult to find bright and isolated stars 
for the PSF sample in the cluster center. For the HRC 
data the long exposure images provided the better pho- 
tometric quality. Therefore we do not include the short 
exposures in our final HRC catalog. 

In Figure [To] we display only the HRC data of the cen- 
ter region of NGC 416, which was used for the ridgeline 
fit. The CMD is still densely populated and all cluster 
features are clearly outlined. Interestingly, the RGB of 
NGC 416 is still broadened by contaminating field stars. 
The main-sequence is well defined until ~24 mag and 
fades out for fainter magnitudes. A number of younger 
stars of the SMC field are stiU visible above the MSTO. 

3.5. Lindsay 38 

Lindsay 38 is located about 3.3° no rth of the bar and is 
among the outermost SMC clusters. Piatti ct al.l ()2001l ) 
published the first and as yet only CMD of Lindsay 38. 
Our resulting CMD of the custer and its surroundings is 
shown in Figure [TTl Our CMD rea ches ~3 mag deeper 
than the CMD presented by Piatti et al.l (|2001[ ). which 
was obtained from ground-based photometry. The clus- 
ter is very sparse and we identify only 3,716 candidate 
member stars. 

In Figure [T^ we show the CMD for the center sample. 
We selected stars within a radius of 70" around a visually 
estimated center location. The radius is almost twice as 
large as for the other clusters, due to the sparseness of 
the cluster. 
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Fig. 12. — CMD of the central region of Lindsay 38. All stars 
within a radius of 70" were selected. We used this CMD for the 
determination of a representative color-magnitude ridgeline (cyan 
line) of Lindsay 38. This CMD contains 1,151 stars. 

The MS and the SGB are nevertheless weU defined. 
Only a few stars populate the upper RGB, but the red 
clump is clearly visible. 

3.6. NGC419 

Like NGC416, the cluster NGC419 is located in the 
wing of the SMC. For this cluster, we show in this paper 
only the HRC data, and will discuss and analyze the full 
CMD in a separate paper due to its complexity. The 
CMD reaches ~2 mag deeper than the previous deep est 
available photometry, published by ' Rich et all ()200 0^ . 

Figure [13] displays our CMD of NGC 419, the youngest 
cluster in our sample. Only long exposure PSF pho- 
tometry was used. The upper MS is rather broad and 
densely populated. The CMD reaches ~4.5 mag below 
the MSTO, but due to shorter exposure times and crowd- 
ing, the MS becomes less densely populated at fainter 
magnitudes. The tip of the extended turn-off region lies 
at TO555 ^^20 mag, and more than one MSTO appear 
to be visible. For stellar populations in the correspond- 
ing age range (~1-1.6 Gyr), the hydrogen-shell burning 
phase lasts only for a s hort time ("•^70 My r), which ex- 
plains the sparse SGB (ISchaller et al.lll992D . 

At 771555 ^^21. 5 mag and 771555— 771314 ~ 0.5 — 0.9 mag in 
the CMD we find ~30 SMC field stars, w hich may belong 
to an older MSTO. lMackev et all ()2008 f) (see also Mackey 
& Broby Nielsen 2007) discovered the only two star clus- 
ters in the LMC known to have a double MS, NGC 1846 
and NGC 1806, which both have similar metallicities of 
about Z = 0.0075. The CMDs look very similar to 
NGC 419. Padova isochorones were used to determine 
the ages of NGC 1846 and NGC 1806 and yielded ages of 
1.6 and 1.9 Gyr for both NGC 1846 and NGC 1806. 

In Figure [Til we show the CMD with the derived ridge- 
line. At 19.41 ± 0.12 mag we find the vertically extended 
red clump. Below the red clump, ~0.2 mag fainter and 
~0.1 mag in color to the blue, we find parts of a sec- 
ond red clump population at 19.53 ± 0.17 mag. For the 
old globular cluster NGC 121, we found the red clump 
at 19.71 ± 0.03 mag. Therefore we speculate that these 



Fig. 13.— CMD of NGC 419 from the HRC images. Only stars 
with good photometry {a < 0.2 mag) are shown; 4543 stars in total. 
Representative errorbars (based on errors assigned by DAOPHOT) 
are shown on the left for the m555-mgi4 color. 



18 



30 



33 



34 



36 



NGC419 
HRC 




-0.5 



0.5 



1.5 



Fig. 14.— CMD of the central region of NGC 419. The derived 
fiducial ridgeline is shown as the cyan line. 



fainter stars belong to a red clump of the old SMC field 
star population. If the luminosity difference (0.12 mag) 
between the two putative red clump populations were 
primarily due to distance (not age), then the distance 
d between the two populations can be calculated. We 
obtain Sd = A pc. 

The MSTO is located at 21.4 ± 0.1 mag and 0.41 ± 
0.05 mag. We have to be cautious with the reliability of 
the determined MSTO, because as we will see in § 15.61 
the isochrone models describe a hook-like feature past 
the MSTO, which is not visible in our CMD. This phase 
is traversed quite rapid (~27 Myr) for sta rs with ages 
between 1 and 1.6 Gyr (jSchaller et al.lll992D . This short 
phase lifetime is likely the reason why the hook is not 
visible. 

4. BSS CANDIDATES 
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TABLE 2 
Observational data 



Cluster 



m555_TO 
mag 



^^555, Bump 

mag 



m.555, RC 
mag 



NGC121 
Lindsay 1 

KronS 
NGC 339 
NGC416 
Lindsay 38 
NGC 419 



22.98 ±0.05 
22.36 ±0.05 
22.40 ± 0.05 
22.30 ± 0.05 
22.44 ± 0.05 
22.36 ±0.05 
21.40 ±0.10 



19.52 ±0.04 
19.25 ±0.05 

19.27 ±0.04 
19.65 ±0.06 

18.86 ±0.12 



19.71 ±0.03 
19.36 ±0.04 
19.46 ±0.03 
19.38 ±0.08 
19.70 ±0.07 
19.60 ±0.05 
19.41 ±0.12 
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Fig. 15. — CMD of Kron3 with displayed sample selection for 
the BSS sample (solid lines) and the cluster sample (dashed lines) 
including SGB, lower RGB, and red clump. 

The stars blueward of and above the cluster MSTO 
are blue straggler star (BSS) candidates. In the same 
region often stars of the surrounding younger field pop- 
ulation of the host galaxy are located. Knowledge of 
the BSS population of clusters is of interest with re- 
spect to constraining the binary fraction in these objects 
and with regard to understanding t he formation mech- 
anism of the BSS themselves (e.g., lBailvnlll995h . BSS 
have been detected in a wide range of cluster types in- 
cludi ng very young, pop ulous Magellanic Cloud clusters 
(e.g.. iGrebel et al]|1996D. and old glo bular clusters (e.g., 
iFerraro et al.1 120031 ). ICarraro et alJ (|2008l ) showed for 
three open Galactic clusters that BSS are centrally con- 
centrated when comparing the CMDs of the clusters and 
the surrounding field as one would expect for populations 
associated with a cluster. These authors re-emphasized 
the problem of field star contamination when trying to 
photometrically identify BSS. 

Our ACS data do not cover fields adjacent to the clus- 
ters. Therefore, we calculated the projected distance 
from the cluster center for each BSS candidate. We then 
constructed a cumulative distribution of the number of 
blue stragglers as a function of projected radius. We have 
selected the BSS candidates by defining a region above 
the cluster main-sequence turnoff in the CMDs. We show 
the sample selection in the CMD of Kron 3 in Figure [15] 
as a representative example. 

The cumulative radial distributions of the selected 




1000 1500 

r [pixel] 

Fig. 16. — Cumulative radial distributions of blue straggler can- 
didates as a function of projected radius for the clusters NGC 121, 
Lindsay 1, Kron 3, and NGC 339. The solid line represents the 
'cluster sample' including the SGB, RGB, and red clump. The 
dashed line represents the stars found in the BSS region. The 
uppermost panel shows the distributions of NGC 121 for compar- 
ison, because we know it contains blue straggler stars (Shara et 
al. 1998, Clementini et al. in prep.). It is clearly visible that the 
BSS candidates are associated with the cluster rather than the field 
population. For Lindsay 1, Kron 3, and NGC 339, the BSS candi- 
dates are not as clearly concentrated in the cluster center and are 
rather younger main-sequence objects of the SMC field. 
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Fig. 17. — Cumulative radial distributions of blue straggler can- 
didates with projected radius for the clusters NGC 416, Lindsay 38, 
and NGC 419. The solid line represents the 'cluster sample' includ- 
ing the SGB, RGB, and red clump. The dashed line represents the 
stars found in the BSS region. In Lindsay 38 and NGC 419, the BSS 
candidates are not significantly concentrated in the cluster center 
and are likely regular main-sequence stars. The distributions of 
NGC 416 and NGC 419 are obtained using the HRC sample. In 
NGC 416 there is indication for centrally concentrated BSS candi- 
dates. 

stars for all clusters can be seen in Figures [TH and [TTl 
The dashed lines show the cumulative distributions for 
our BSS candidate samples, and the solid lines show the 
cumulative distributions of the cluster sample for com- 
parison, including the SGB, the lower RGB, and the red 
clump. 
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TABLE 3 




BSS CANDIDATES 


Cluster 


Number of BSS eandidates " 


Lindsay 1 


110 


Kron3 


229 


NGC 339 


616 


NGC416 


91 


Lindsay 38 


23 


NGC 419 


8 



TABLE 4 

RiDGELINE OF LiNDSAY 1 
"1555 - mg,i4 msss 



"Number of BSS candidates after removal 
of stars possibly affected by blends 

Each BSS candidate was examined by eye on the im- 
age and stars with hints of being affected by blends were 
ehminated from the catalog (see Table [3]). The cumula- 
tive distributions of the remaining stars are normalized 
to our BSS candidate sample. The first panel of Fig- 
ure [16] shows the cumulative distributions of NGC 121, 
of which we know that it contains BSSs (Shara et al. 
1998, Clementini et al. in preparation). The BSS candi- 
dates are evidently more centrally concentrated than the 
stars from the cluster sample. 

In Lindsay 1, KronS, NGC 339, Lindsay 38, and 
NGC419 the blue stars lying above the cluster MSTOs do 
not show any obvious concentration toward the cluster 
centers and are fairly evenly distributed across our im- 
ages. This supports the interpretation that they are not 
BSS canditates belonging to these clusters, but instead 
part of the younger MS of the SMC field star popula- 
tion. We have used the Kolmogorov-Smirnov (KS) test to 
search for statistical differences between the cumulative 
projected radial distributions. The KS probabilities that 
BSS candidates and cluster sample stars are extracted 
from the same parent population are 17% (Lindsay 1), 
0% (Kron3), 0% (NGC 339), 4% (Lindsay 38), and 25% 
(NGC 419). For NGC 416 and NGC 419, the radial distri- 
butions are only shown for the HRC data. Because BSSs 
are assumed to be located in the cluster center, and the 
field stars are already overdense in the BSS candidate 
region on the HRC CMD, the analysis of the HRC data 
instead of the entire sample is justified. Even though we 
know that NGC 121 contains BSSs and the radial dis- 
tribution shows a concentration of the BSS candidates 
towards the cluster center, the KS-Test gives a proba- 
bility of 16% that the two samples are from the same 
distribution. 

Within the center region of NGC 416 covered by the 
HRC data, we find an indication for centrally concen- 
trated BSS candidates. The dashed line (BSS candidate 
sample) almost lies on top of the solid line (cluster sam- 
ple). The cluster location is close to the SMC main body, 
hence some of the BSS candidates are likely field MS stars 
of the SMC. We will discuss the SMC field stellar pop- 
ulation in greater detail in a separate paper. The KS 
probabihty for NGC 416 is 85%. 

5. CLUSTER AGES 

Age determinations of star clusters using isochrones 
depend crucially on the interstellar extinction, distance 
and metallicity of the cluster, as well as on the cho- 
sen iso chrone models. We used spectroscopic metal- 
hcities (iDa Costa fc Hatzidimitrioul Il998t iKavser et al.l 
120061 120071 Kayser et al. 2008, in preparation) in or- 



1.3230 


27.1000 


1.1720 


26.5000 


1.0320 


25.9000 


0.9090 


25.3000 


0.7950 


24.7000 



"Table |4] is presented in 
its entirety in the elec- 
tronic edition of the As- 
tronomical Journal. A 
portion of the ridgeline of 
Lindsay 1 is shown here. 



der to eliminate metallicity as a free parameter when fit- 
ting isochrone models. The distance and the extinction 
were treated as free parameters. The mean SMC distance 
modulus is as sumed to be (m — M)o = 18.88 ± 0.1 mag 
(60 kpc) (e.g., iStorm et al.l2004l ). Due to the large depth 
extension of the SMC and thus an expected wide spread 
in the cluster distances we adjusted the distance mod- 
ulus for each star cluster to produce the best isochrone 
fits to our CMD data. 

As mentioned before, we visually estimated the loca- 
tion of the cluster center on the image and selected all 
stars within an individually defined radius on the WFC 
data, except for NGC 416 and NGC 419 for which we used 
the HRC data. The center samples were used to fit the 
fiducial ridgelines for easier comparison to the isochrones. 

In order to fit ridgelines, we separated the cluster sam- 
ple CMDs into three sections: the MS, the SGB and the 
RGB. On the MS we determined the mode of the color 
distribution in magnitude bins of 0.3 mag width. For the 
SGB, we performed a linear least squares fit of a polyno- 
mial of 5th order to a Hess diagram of this region in the 
CMD. Finally, the RGB was fit by a third-order polyno- 
mial of the mean color, again in magnitude bins with a 
size of 0.3 mag each. The resulting ridgelines are shown 
as cyan lines in our CMDs and will be made available 
electronically (see Table |4] for an illustrative excerpt) . 

We fitted our TO555 vs 771555-771314 CMDs with three dif- 
ferent isochrone models: Padova isochrones (L. Girardi 
2006, private com munication, Girardi et a l. 2000)^° 



Teramo isochrones (iPietrinferni et al l2004l ) and Dart- 
mouth isochrones (jDotter et al.l 12007 ). all with scaled 
solar abundances ([a/Fe]=0.0). The Padova isochrone 
grid has an age resolution of log(t)= 0.01, the Teramo 
isochrone grid of 0.1 Myr and the Dartmouth isochrone 
grid of 0.5 Gyr. The Padova isochrones model the AGB 
and its tip, which is ~1 mag brighter than the tip of 
the RGB. The Teramo isochrones include the RGB, HB 
and the lower AGB. The Dartmouth isochrones termi- 
nate at the He flash, because they do not have the HB 
and the AGB sequence calculated. All sets of isochrones 
are available in the standard ACS color system. 

We fitted a large number of isochrones using different 
combinations of reddening, age and distance. For each 
set of models, we selected by trial and error the isochrone 
that best matched the observed data. 

^° [http://pleiadi.pd. astro.it/isoc-photsys. 02/isoc-acs-wfc/index.html| 
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Fig. 18. — The CMD of Lindsay 1 with the best-fitting isochrones 
of two different models: The blue solid line shows the best-fitting 
Padova (L.Girardi, 2006, private communication, Girardi et al. 
2000) isochrone that is closest to the spectroscopically measured 
meta lhcity of the cluster. Th e red solid line is the best-fitting Ter- 
amo (|Pietrinferni et ani200'4D isochrone approximating the known 
metallicity. The cyan solid line is our fiducial ridgeline. The fitting 
parameters are listed in the plot legend. 
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Fig. 19.— The Lindsay 1 CMD with the best-fitting Dartmouth 
IjDotter et al . 2007) isochrones ovorplotted in red. As before, the 
cyan line represents our fiducial for Lindsay 1 . The fit parameters 
are listed in the plot. 

5.1. Age of Lindsay 1 

We adopted the metallicity of [Fe/H ] = -1.14±0.10 
from iDa Costa fc Hatzidimitrioul (|1998( ) in the scale of 
IZinn fc WestI (|1984[ ) (ZW84). This metallicity corre- 
sponds most closely to Z = 0.001 in both the Padova 
and the Teramo models. Our best-fit age using Padova 
isochrones is 7.76 Gyr with (to — M)o = 18.69 mag and 
Ey-i = 0.06. The best fitting Teramo isochrone yields 
an age of t = 8.3 Gyr, (to — M)o — 18.75 mag, and Ey^j 
= 0.04 (see Fig. mi). 

On the MS, the Padova isochrone is slightly offset to 
the red by about ^0.1 mag in color, while the Teramo 
isochrone is slightly offset by about ^0.02 mag in color. 
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Fig. 20. — The CMD of Lindsay 1 after zooming in on the region 
of the main-sequence turnoff, subgiant branch, and lower red giant 
branch. In the upper panel, we show Teramo isochrones as solid 
lines, covering an age range of 6.8, 7.5, 8.2, 9 and 10 Gyr. In the 
lower panel we show the same plot for Padova isochrones in the 
available age steps of 6.16, 6.92, 7.76, 8.7, and 9.77 Gyr. All other 
parameters are the same as in Figs. [TSl and I19l 

Between 22 < TO.555 < 23 mag, both the Padova isochrone 
and the Teramo isochrone are shifted by ^^0.05 mag 
to the blue with respect to the main ridgeline. Both 
isochrones provide an excellent approximation to the 
SGB and to the lower RGB up to about 1 mag below the 
red clump. At brighter magnitudes, the two isochrones 
deviate increasingly to the blue of the observed upper 
RGB. Here the Padova isochrones show the strongest 
difference, deviating by approximately 0.24 mag in color 
from the observed tip of the RGB. The Teramo isochrone 
is too blue by about 0.13 mag at the magnitude of the 
tip of the RGB. 

The best fit using the Dartmouth isochrones is ob- 
tained with 7.5 Gyr, (m — A/)o — 18.73 mag and Ey-i 
= 0.02 for an isochrone corresponding to a metallicity 
[Fe/H] = -1.00 (Fig.IHl). As for the Padova and the Ter- 
amo isochrones, on the MS the isochrone is ~0.02 mag 
offset to the red. The SGB is fitted to a very well and 
the deviation on the RGB is much smaller than for the 
other two isochrone models. On the upper RGB, the 
isochrone is increasingly offset to the red relative to the 
fiducial ridgeline. The derived reddening by the Dart- 
mouth isochrone s agrees best with t he extinction Ay 
^ 0.1 from the ISchlegel et all (|1998D maps {Ey-i = 
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Fig. 21. — Same as Fig. 1201 but for the Dartmouth isochrones 
with ages of 6.5, 7, 7.5, 8 and 8.5 Gyr. 
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Fig. 23.— The Kron3 CMD with the best-fitting Dartmouth 
isochrones overplotted in red. As before, the cyan line represents 
our fiducial for Kron 3. The fit parameters are listed in the plot. 
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Fig. 22.— The CMD of Kron 3 with the best-fitting isochrones 
of two different models: The blue solid line shows the best-fitting 
Padova isochrone that is closest to the spectroscopically measured 
metallicity of the cluster. The red solid line is the best-fitting 
Teramo isochrone approximating the known metallicity. The cyan 
solid line is our fiducial ridgeline. The fit parameters are listed in 
the plot legend. 



0.024 mag). The reddening law of iDean et al] ()1978f ) 
is assumed. 

In the Figures [20l and [211 we show a range of isochrones 
for the three sets of stehar evolution models in order to 
illustrate the age uncertainty in a given model. The best 
fit isochrone is always displayed along with two younger 
and two older isochrones. Due to the high quality of the 
fit of the central isochrone in the region of the upper MS, 
SGB, and lower RGB in all models and the larger devi- 
ations of the adjacent isochrones, we estimate that the 
resultant age uncertainty is of the order of approximately 
± 0.7 Gyr for the Teramo and Padova isochrones and ± 
0.5 Gyr for the Dartmouth isochrones. 

5.2. Age of Kron 3 
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Fig. 24. — The CMD of Kron 3 after zooming in on the region 
of the main-sequence turnoff, subgiant branch, and lower red giant 
branch. In the upper panel, we show Teramo isochrones as solid 
lines, covering an age range of 5.2, 6.1, 7, 7.8, and 8.4 Gyr. In 
the lower panel we show the same plot for Padova isochrones in 
the available age steps of 5.6, 6.3, 7 .1, 7 .9, and 8.9 Gyr. All other 
parameters are the same as in Figs. [22l and I23l 
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Fig. 25^ — Same as Fig. 1241 but for the Dartmouth isochrones 
with ages of 5.5, 6, 6.5, 7, and 7.5 Gyr. 

We adopted the spectros c opic metallicity derived by 
iDa Costa fc HatzidimitrionI (Il998h of [Fe/H] = -1.08 ± 
0.12. This metaUicity corresponds most closely to 
Z=0.001 in the Padova models, Z=0.002 in the Teramo 
models and [Fe/H] — -1.00 in the Dartmouth models. 
The best-fit age using the Padova isochrones was found 
to be 7.1 Gyr, (m-A/)o = 18.80 mag and Ey^i = 0.033. 
The best fit for the Teramo isochrones is obtained with 
t = 7.2 Gyr, (m - M)o = 18.80 mag and Ey-i = -0.013 
(Fig. [22). No reasonable fit with a zero or positive red- 
dening value was obtained. 

On the MS, both isochrones are slightly offset to the 
red by about ~0.02 (Teramo) and ~0.01 (Padova) in 
color. The Teramo isochrone traces the SGB and the 
lower RGB to a high accuracy. Only at the faint end 
of the SGB the isochrone is about ~0.02 mag brighter 
than our fiducial ridgeline. The isochrone deviates in- 
creasingly to the blue of the observed upper RGB, but 
fits the color of the RGB tip very well with a small de- 
viation of about 0.02 mag. The base of the red clump, 
however, is ~0.4 mag too bright. The Padova isochrone 
lies '^O.l mag below our observed SGB and is ~0.02 mag 
offset in color on the lower RGB. The isochrone contin- 
ues further to the blue on the upper RGB as seen for 
the Teramo isochrone. The Padova isochrone shows the 
strongest difference at the RGB tip, deviating by approx- 
imately 0.22 mag in color from the observed tip of the 
RGB. The base of the red clump is fitted very well. 

The Dartmouth isochrone model provided by 
iDotter et aP ()2007t ) yields the best fit to the CMD 
(Fig. [53]). The best-fit isochrone has the parameters t = 
6.5 Gyr, (m - M)q ^ 18.83 and Ey-i = 0.008. All the 
major features of the CMD are very well reproduced, 
including the upper RGB where the isochrone is offset 
slightly to the blue relative to the fiducial ridgeline. This 
offset is no more than 0.02 mag on average along the 
entire upper RGB. Even the slope of the RGB is very 
well reproduced along its entire extent. The derived 
reddening for Padova isochrones agrees best w i th the 
extinction Ay = 0.09 from the iSchlegel et"all (J1998D 
maps (Ev-i = 0.024 mag). 

In Figures [24] and [25] we display our " best" isochrone 
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Fig. 26.— The CMD of NGC 339 with the best-fitting isochrones 
of two different models: The blue solid line shows the best-fitting 
Padova isochrone that is closest to the spectroscopically measured 
metallicity of the cluster. The red solid line is the best-fitting 
Teramo isochrone approximating the known metallicity. The cyan 
solid line is our fiducial ridgeline. The fit parameters are listed in 
the plot legend. 




Fig. 27.— The NGC 339 CMD with the best-fitting Dartmouth 
isochrones overplotted in red. As before, the cyan line represents 
our fiducial for NGC 339. The fit parameters are listed in the plot. 

along with two older and two younger ones for each 
model. Here the deviations of these isochrone models 
from the observed upper MS and SGB are very clearly 
visible. We estimate the resultant age uncertainty in 
order of approximately ± 0.5 Gyr for the Teramo and 
Dartmouth isochrones and ± 0.7 Gyr for the Padova 
isochrones. 

5.3. Age of NGC 339 

We adopted a sp ectroscopic metallicity of [F e /H] = 
-1.12 ± 0.10 from iDa Costa fc Hatzidimitriou] (119981 ). 
which made us use isochrones with Z = 0.001 for both 
the Teramo and the Padova models. The best age fit us- 
ing the Teramo isochrone is found with the parameters 
t = 6.6 Gyr, (m - M)o = 18.75 mag and Ey-i = 0.08. 
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Fig. 28.— The CMD of NGC 339 after zooming in on the region 
of the main-sequence turnoff, subgiant branch, and lower red giant 
branch. In the upper panel, we show Teramo isochrones as solid 
lines, covering an age range of 5.6, 6, 6.6, 7.2, and 7.7 Gyr. In 
the lower panel we show the same plot for Padova isochrones in 
the available age steps of 5, 5.6, 6. 3, 7, a nd 7.9 Gyr. All other 
parameters are the same as in Figs. [26l and I27l 

Our best fitting Padova isochrone yields an age of t = 
6.3 Gyr with (m - M)o = 18.75 mag and Ey^i = 0.08. 

Both isochrones provide an exceUent approximation to 
all features of the CMD (Fig. ^, the MS, the SGB 
and even the upper RGB, where the isochrones are only 
slightly offset to the blue relative to the fiducial ridge- 
line. These offsets are no more than 0.01 mag (Teramo) 
and 0.03 mag (Padova) in color on average along the en- 
tire upper RGB. Also the slope of the RGB is very well 
reproduced along its entire extent. At the RGB tip, the 
Padova isochrone deviates by approximately 0.15 mag in 
color to the red from the observed RGB tip, while the 
Teramo isochrone match the observed color and luminos- 
ity of the tip better, deviating ^ 0.10 mag in color to the 
red. The Teramo isochrone shows a magnitude for the 
base of the red clump that is about 0.2 brighter than the 
observed one. The Padova isochrone indicates a magni- 
tude for the base of the red clump that is 0.2 mag too 
faint. 

Figure ^7\ shows the best-fit isochrone for the Dart- 
mouth model. The best fit is obtained with an age of 
t = 6 Gyr and the parameters {m — M)o — 18.75 mag 
and Ev-i — 0.06. The Dartmouth isochrone traces the 
ridgeline on the MS, the SGB and the lower RGB to a 
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Fig. 29. — Same as Fig. 1281 but for the Dartmouth isochrones 
with ages of 5, 5.5, 6, 6.5, and 7 Gyr. 

very well. On the lower RGB, the isochrone is offset to 
the blue by ~0.03 mag, while on the upper RGB it is 
^^0.05 mag too red. The derived reddening for Dart- 
mouth isochrone s agrees best with th e extinction Ay 
= 0.15 from the ISchlegel et all (|1998f ) maps [Ev-i = 
0.04 mag). 

In Figures [28] and [29] we show a range of isochrones 
for each model to illustrate the age uncertainty. We al- 
ways display our " best" fit isochrone along with two older 
and two younger ones. Considering the excellent fit of all 
age-sensitive features of the CMD by all three stellar evo- 
lution models, we estimate the resultant age uncertainty 
to be approximately ±0.5 Gyr for all three models. 

5.4. Age of NGC 416 

The latest spectroscopic metallicity measurement was 
performed by Kayser et al. (2008, in preparation) and 
yields a metalhcity [f e/gjppg? = -0.87 ± 0.06 in the 
scale of [Carrctta fc GrattonI |l997[ ) (CG97) . We trans- 
form this metallicit y to the ZW84 scale using the trans- 
formation given bv lCarretta fc GrattonI (|1997( ). and ob- 
tain a metallicity of [Fe/H]zwM = —1-00. This metal- 
licity corresponds most closely to Z = 0.002 for both the 
Teramo and the Padova models. In Figure [501 the CMD 
with the overplotted Teramo and Padova isochrones is 
shown. The best fit for the Teramo isochrones is ob- 
tained with t = 6.0 Gyr, (m — Af )o — 18.88 mag and 
Ev-i = 0.105, while the Padova isochrones provide t = 
6.6 Gyr, (m - Af )o = 18.76 mag and Ey^i = 0.10. The 
relatively high reddening value is due to the location of 
the cluster close to the SMC main body (see Fig.[T|). 

On the MS, both the Teramo isochrone and the Padova 
isochrone are offset to the blue by about '--^O.Ol mag. 
While the Teramo isochrone fits the MSTO rather nicely, 
the Padova isochrone is ~0.05 mag too blue. At the 
blue end of the SGB, both isochrones are slightly too 
faint. The Teramo isochrone fits the red part of the SGB 
and the entire RGB almost perfectly up to about 0.5 
magnitudes below the RGB tip (see Fig. [50)1 . The Padova 
isochrone fits the red end of the SGB almost perfectly, 
but deviates increasingly to the blue on the RGB with 
respect to our fiducial ridgeline. The isochrone shows a 
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Fig. 30.— The CMD of NGC 416 with the best-fitting isochrones 
of two different models: The blue solid line shows the best-fitting 
Padova (L.Girardi, 2006, in preparation) isochrone that is closest 
to the spectroscopically measured metallicity of the cluster. The 
red solid line is the best-fitting Teramo (Pictrinfcrni ct al. 2003) 
isochrone approximating the known metallicity. The cyan solid 
line is our fiducial ridgeline. The fit parameters are listed in the 
plot legend. 
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Fig. 31.— The NGC 416 CMD with the best-fitting Dartmouth 
IIDotter et al . 2007) isochrones overplotted in red. As before, the 
cyan line represents our fiducial for NGC 416. The fit parameters 
are listed in the plot. 

magnitude for the base of the red clump that is about 
0.1 mag brighter than the observed one. The Teramo 
isochrone indicates a magnitude for the base of the red 
clump that is 0.25 mag too bright. 

In Figure [^ the best fitting is ochrone for the Dart- 
mouth models (jDotter et al.ll2007i ) is displayed with t = 
6 Gyr, (to - M)o = 18.83 mag and Ey-i = 0.12. We 
adopted the isochrone set with a metallicity of [Fe/H] 
= —1.0. All age-sensitive features of the CMD are well 
reproduced. On the upper RGB, the isochrone is increas- 
ingly offset to the blue relative to the fiducial ridgeline 
with 0.03 mag in color being the strongest difference. 
Our derived reddenings agree with the extinction Ay 
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Fig. 32. — The CMD of NGC 416 after zooming in on the region 
of the main-sequence turnoff, subgiant branch, and lower red giant 
branch. In the upper panel, we show Teramo isochrones as solid 
lines, covering an age range of 5, 5.5, 6, 6.5, and 7 Gyr. In the 
lower panel we show the same plot for Padova isochrones in the 
available age steps of 5.4, 6.0, 6.6, 7.4 , a nd 8 .3 Gyr. All other 
parameters are the same as in Figs. [30l and I3ll 
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Fig. 33. — Same as Fig. 1321 but for the Dartmouth isochrones 
with ages of 5, 5.5, 6, 6.5, and 7 Gyr. 
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Fig. 34.— The CMD of Lindsay 38 with the best-fitting 
isochrones of two different models: The blue solid line shows the 
best-fitting Padova isochrone that is closest to the spectroscopi- 
cally measured metallicity of the cluster. The red solid line is the 
best-fitting Teramo isochrone approximating the known metallic- 
ity. The cyan solid line is our fiducial ridgeline. The fit parameters 
are listed in the plot legend. 
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Fig. 35.— The Lindsay 38 CMD with the best-fitting Dartmouth 
isochrones overplotted in red. As before, the cyan line represents 
our fiducial for Lindsay 38. The fit parameters are listed in the 
plot. 



= 0.32 from the ISchlegel et al] (|1998D maps {Ey-i = 
0.1 mag). 

In Figures [321 and [33] a range of five isochrones is dis- 
played for each isochrone model. Even though the ap- 
proximation of all features that are important for the 
age determination important features is close, we esti- 
mate the age uncertainty to be '^0.8 Gyr. It is possible 
that the broad width of the RGB suggests a spread in 
metallicity and therefore in age, which we have to take 
into account. The main reason for the broadening of the 
RGB, however, are SMC field stars. 

5.5. Age of Lindsay 38 
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Fig. 36. — The CMD of Lindsay 38 after zooming in on the region 
of the main-sequence turnoff, subgiant branch, and lower red giant 
branch. In the upper panel, we show Teramo isochrones as solid 
lines, covering an age range of 5, 5.6, 6.3, 7, and 8 Gyr. In the lower 
panel we show the same plot for Padova isochrones in the available 
age steps of 5, 5.6, 6 .3, 7.1, and 7.9 Gyr. All other parameters are 
the same as in Figs. l34l and I35l 

The latest measured spec t roscop ic metallicity pro- 
vided by iKavser et all (|2006l 120071 2008 in prep.) is 
[Fe/H]cG97 = —1-35 ± 0.10, which we transform ed to 
[Fe/H]zwai = -1-59 ([Carretta fc Gratton|[T997l ). This 
metallicity is in excellent agreement with th e photomet- 
ric metallicity found by iPiatti et al.l (|2001h . We used 
isochrones of Z = 0.0004 in the Padova models, Z = 
0.0006 in the Teramo models and [Fe/H] = -1.49 in the 
Dartmouth models. The best-fit age using the Teramo 
isochrone is t = 6.3 Gyr with (m — M)o = 19.02 mag and 
Ey^i — 0.06. The best fitting Padova isochrone yields an 
age of t == 6.3 Gyr, (to - M)o = 19.00 and Ey-i = 0.075 
(Fig. [33]). Surprisingly, Lindsay 38 is the only cluster for 
which we found a high quality fit using a-enhanced Dart- 
mouth isochrones ([a/Fe] = -1-0.20), which yield an age 
of 6 Gyr using the same fitting parameters. 

All features of the CMD are traced very well by both 
the Teramo and the Padova isochrones. At the faint 
end of the MS, the Teramo isochrone continues further 
to the red than the Padova isochrone and our derived 
ridgeline; however, this only becomes more apparent at 
magnitudes of TO555 = 25.5 mag and below. The MS, 
the SGB and the lower RGB are very well reproduced. 
The upper part of the RGB is too sparse for the fit of 
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Fig. 37. — Same as Fig. 1361 but for the Dartmouth isochrones 
with ages of 5.5, 6, 6.5, 7, and 7.5 Gyr. 

a ridgeline. Therefore, a statement about the quahty of 
the theoretical fiducials cannot be made. The base of the 
red clump for the Padova isochrone is about 0.2 mag too 
faint, while for the Teramo isochrone it is about 0.4 mag 
too bright. 

In Figure [3S] t he best-fit age pro vided by the Dart- 
mouth isochrone (jDotter et al.l 120071 ) is shown with t = 
6.5 Gyr, (to - M)q = 18.94 mag and Ey-i = 0.05 (red 
line in Fig. [351). The MS and the SGB are very well re- 
produced. The lower RGB is slightly offset by about 0.02 
on average along the entire RGB. The isochrone deviates 
increasingly to the red starting at 1.5 mag above the 
red clump. The reddening value found using isochrones 
is t oo high compared w ith the extinction taken from 
the 'Schle gel et al] (|1998[ ) maps {Ay = 0.05, Ey-i = 
0.016 mag). 

In Figures [36] and [37] we show a selection of isochrones 
to estimate the age uncertainty. For each isochrone 
model two older and two younger isochrones are shown 
along with the "best" one. We estimate the age un- 
certainty to be ± 0.5 Gyr for all of the three isochrone 
models. 

5.6. Age of NGC 419 

The latest spectroscopic metallicity measurement was 
performed by Kayser et al. (2008, in preparation) 
and yields a metallicity [Fe/H]cG97 = -0.71 ±0.12 
in the CG97 scale. We transform this metallicity 
to the ZW84 scale using the transformation given by 
iCarretta fc GrattonI ()1997t ). and obtain a metallicity of 
[Fe/H]zwM = —0.67. This metalUcity corresponds most 
closely to Z = 0.004 (Padova and Teramo) and [Fe/H] 
= —0.5 (Dartmouth). The best fit for the Padova 
isochrones provides t = 1.25 Gyr with (to — M)q — 
18.75 mag and Ey-i = 0.12 (see Fig. ^. The best- 
fit age using the Dartmouth isochrones is t = 1.5 Gyr 
with (to-M)o = 18.60 mag and Ey-i = 0.07. The Ter- 
amo model has problems with fitting all cluster features 
simultaneously (see Fig. [39]) . The best-fitting age is t = 
1 Gyr with (to - A/)o = 18.94 mag and Ey-i = 0.11. 
Note that it is not obvious where the exact location of 
NGC419's MSTO is. 



As for NGC 416, we find a relatively high reddening 
parameter due to the cluster location close to the SMC 
main body, where also a lot of crowding is expected. The 
Padova isochrone fits the MS and the SGB very well, 
while the lower RGB is offset by ^0.05 mag in color, and 
its slope is not fitted at all. The isochrone does not fit 
the red clump, lies ^^0.02 mag to the red and is ^0.6 mag 
too faint. 

In Figure [41] we show Padova isochrones superimposed 
on the NGC 419 region. These are isochrones of 1.25, 1.4, 
and 1.6 Gyr. Because the exact location of the MSTO 
of the cluster is uncertain, we do not give a single age 
for NGC 419. Instead, we determine an age range of 1.2- 
1.6 Gyr. 

In Figure [39] we can clearly see the inability of the Ter- 
amo isochrones to fit all cluster features simultaneously. 
The best- fitting Teramo isochrone (1 Gyr) deviates in- 
creasingly to the blue along the MS. At the MSTO the 
isochrone is about 0.15 mag offset to the blue. The RGB 
turn-off is ^^0.2 mag too faint and the isochrone deviates 
again increasingly to the blue on the RGB. 

The two youngest available Dartmouth isochrones have 
an age of 1 and 1.5 Gyr (Fig. [40]). The age of NGC 419 
lies between these two isochrones. This might be the rea- 
son why the best-fitting Dartmouth isochrone does not 
provide a very good fit. The isochrone fits the RGB slope 
very well, but is ~0.04 mag offset to the blue at the RGB 
turn-off. The isochrone is ~0.25 mag too bright at the 
blue end of the SGB, and on the MS, the isochrone is 
slightly offset by about ^0.02 mag to the red. In Fig- 
ure [321 we show the isochrones of 1 and 2 Gyr for com- 
parison, which are obviously either too old or too young 
for NGC 419. As for the Padova isochrones, we cannot 
give a single age for NGC 419 and confirm the age range 
of 1.2-1.6 Gyr using the Dartmouth isochrones. Our de- 
rived reddening using the Dartmouth iso chrone agrees 
with the extinction Ay = 0.31 from the ISchlegel et al.l 
(|1998D maps (Ey-i = 0.08 mag), while the reddening 
values found using the Padova and the Teramo isochrones 
are too high. 

Because of the complexity of NGC 419, we will discuss 
its CMD in more detail in a separate paper. 



6. DISTANCES 



clus- 



There are no direct determinations of the 
ter distances along the line-of-sight, but it is as- 
sumed t hat the SMC as a de p th extent of up to 
20 k pc (iMathewson et al.l 119881: iHatzidimitriou et al.1 
119931: ICrowl et all 120011: iLah et all I2005D . We assume 
that the main body of the SMC has a distance modulus 
of (to-M)o = 18.88 ±0.1 mag (e.g.. Storm et al. 2004). 

In addition to the distance estimates that result from 
our isochrone fits, we can use the apparent magnitudes 
of the red clump measured in this paper to provide a 
distance estimate for our clusters. W e use the absolute 
red cl ump magnitudes (My) given in iGirardi fc SalarisI 
(|2001|) . as a function of age and metallicity. These 
authors provide mean properties of the red clump for 
metallicities from Z=0.0004 to 0.03, and ages from 0.5 
to 12 Gy r, based on the the oretical horizontal branch 
models of lGirardi et al.l ()2000l . see also Girardi & Salaris 
2001). We corrected our distance modulus for the in- 
terstellar extinction by consulting the Schlegel maps 
([Schlegel et al.|[l998l ). The adopted parameters and the 
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TABLE 5 
Distance Estimate 



Cluster 


Vhb.rc 


{Mv) 


Ev-I,SM 


(m - M) 


Distance 




mag 


mag 


mag 


mag 


kpc 


NGC121 


19.71 ±0.03 


0.574 


0.024 


19.06 ±0.03 


64.9 ±1.2 


Lindsay 1 


19.36 ± 0.04 


0.509 


0.024 


18.78 ±0.04 


56.9 ±1.0 


KronS 


19.46 ± 0.03 


0.474 


0.024 


18.91 ±0.04 


60.6 ±1.1 


NGC339 


19.38 ± 0.08 


0.455 


0.040 


18.80 ±0.08 


57.6 ±4.1 


NGC416 


19.70 ±0.07 


0.474 


0.104 


18.90 ±0.07 


60.4 ±1.9 


Lindsay 38 


19.60 ±0.05 


0.430 


0.016 


19.12 ±0.05 


66.7 ±1.6 


NGC419 


19.41 ±0.12 


- 


0.080 


18.50 ±0.12 


50.2 ±2.6 



"The values for Vhb.rc are taken from this paper and Paper I. The values 
for {Mv) were adopted from Girardi & Salaris (2001). For NGC 121 and 
Lindsay 38, we chose the model of Z=0.004, for Lindsay 1, Kron3, NGC 339, 
and NGC 416 the model of Z=0.001, and for NGC 419 the mo del of Z=0.004 
The reddenings Eg_v are taken from the Schlegel maps llSchlegel et al.l 
19981) and t ransformed into Ey- 



by adopting Ev-i/Eb- 



1.25 from 



Dean et all lll978i '). For NGC 419 not the luminosity of the red clump but the 
distance modulus found with the Padova isochrones ((m — Af) = 18.75) was 
used to determine the distance due to the age and metallicity dependence 
of the absolute red clump magnitude. 
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Fig. 38.— The CMD of NGC 419 with the best-fitting isochrone 
of the Padova model: the blue solid line shows the best-fitting 
Padova isochrone that is closest to the spectroscopically measured 
metallicity of the cluster. The distinction of the cluster from the 
field population is difficult due to the multiple turnoffs and the 
sparse SGB. 

resulting distances are listed in Table [5l Due to the fact 
that NGC 419 may be a multiple population object and 
therefore its age and the metallicity are uncertain, we 
do not use its absolute red clump magnitude for the dis- 
tance estimate. Instead we apply the distance modulus 
found using the Padova isochrones (m-M) — 18.75 mag 
and correct for the extinction. 

We find that Lindsay 38 is the most distant cluster 
of our sample with a distance modulus (m — M) = 
19.12 mag (--67 kpc), while NGC 419 is the closest clus- 
ter with a distance modulus of (m — M) = 18.50 mag 
(~50 kpc). NGC 419 thus has a similar distance from us 
as the LMC, whose distance modulus is 18.50 ±0.02 mag 
(e.g., lAlvesll2004D . Taking NGC 419 into account, the 
closest and farthest cluster in our sample have a dis- 
tance from each other of ~17 kpc. Excluding NGC 419, 
the depth extension of the SMC as derived from our clus- 
ter sample is ^^10 kpc. We have to emphasize that the 



Fig. 39.— The CMD of NGC 419 with the Teramo isochrones 
overplotted in green. As before, the cyan line represents our fidu- 
cial for NGC 419. We show isochrones in the age range of 0.8, 1, 
1.2 Gyr. The fit parameters are listed in the plot. 

distance of NGC 419 is the most uncertain of our sample 
d ue to its conrplexity . 

ICrowl et al.l (|2001h used the same approach and de- 
rived distances for 12 clusters, six of which overlap with 
our sample. Their determined distance values are gener- 
ally lower then the values we obtained, due to fainter 
absol ute red clump m agnitudes, which they adopted 
from Saraiedirul (|1999f) . iCrowl et al. (2001) do not have 
NGC 419 in their sample, but NGC 411, NGC 152, Lind- 
say 113, NGC 361, Kron28, and Kron44. The closest 
cluster using the reddening values from the Schlegel maps 
is Kron28 (45.2 ± 1.7 kpc), and the farthest cluster is 
NGC 121 (65.4 ± 1.9 kpc). Therefore Kron28 is -3 kpc 
closer than NGC 419. In Growl et al.'s sample, the clus- 
ters have a maximum distance of 20.2 kpc from one an- 
other, which is a higher value than what we have found 
with our smaller cluster sample. 

7. DISCUSSION 
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Fig. 40.— The CMD of NGC 419 with the best-fitting Dartmouth 
isochrone overplotted in red. As before, the cyan line represents 
our fiducial for NGC 419. The fit parameters are listed in the plot. 




555 



Fig. 41. — The CMD of NGC 419 after zooming in to the region 
of the MSTO, SGB, and lower RGB. We show Padova isochrones 
as solid lines to estimate the age of the cluster and field population 
visible in the CMD. The isochrones cover an age range of 1.25, 
1.4, 1.6 , 2, and 3.5 Gyr. All other parameters are the same as in 
Fig. [38] 

7.1. Comparison of our age determination with previous 

studies 

Previous studies done by several different authors pro- 
vided ages and metallicities of SMC star clusters us- 
ing a variety of techniques and telescopes. Therefore, 
if we combine all published cluster ages, we find a 
wide range of ages and metallicities for a given cluster, 
depending on the method used for the dete rmination: 
Lindsay 1 has an age range from 7.3-10 Gvr (iGascoignd 
1966, 1980; Olszewski et al. 198 71: ISaraiedini et al.lll99a 
MigheU et al.iil998bi: lUdalski 1998'; 'Alcaino et al."2003'), 
KronS from 5-10 Gy r (Gascoignc 1966; Rich ct al. 
1984; Alcaino et al. 1996; Mieheh et al. 1998b; Udalski 
1998: .Rich et al.. .2000. ) . and NGC 339 from 5-7.9 Gyr 
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Fig. 42. — Same as Fig. 1411 but for the Dartmouth isochrones 
with ages of 1, 1.5, and 2 Gyr. 

No other cluster has such a wide range of different age 
determinations as N GC416, reaching from 2.5-11.2 Gyr 
(iDurand et al.llT 984': Elson & FaU 1985:'Bica ct al."1986|; 
iMigheU et aTni998b ; Udalski 1998 : Rich ct al. 2000). 
The cluster is located close to the SMC main body where 
a large interstellar extinction is expected. The separation 
of field stars from the real cluster members was a major 
problem in the age determination process, among uncer- 
tain values for metallicity, reddening and distance. Us- 
ing photometry obtained with the Wide Field P l anetary 
Camera 2 (WFPC2) aboard HST. lMighell et all (Il998br i 
found an absolute age of 6.6±0.5 Gyr for NGC 416, while 
iRich et all (|2000t ) derived an age of 7.1 to 11.2 Gyr using 
the same data set. 

The only ava i lable CMD of Lindsay 38 is provided 
by iPiatti et al.l ()2001f ). The observation was carried 
out with the Cerro Tololo Inter- American Observatory 
(CTIO) 0.9 m telescope using the Tektronix 2K # 3 
CCD. They presented the first age determination of Lind- 
say 38 with 6 ± 0. 6 Gyr. For NGC 419, the latest CMD 
was published by i Rich et all (|200Q) based on WFPC2 
data, [u dalski (1991) pubhshed an age of 3.3 Gyr and 
IRich et al.l (|200Q) give an age range of 1.0 — 1.8 Gyr. 

For Lindsay 1, Kron3, NGC 339, NGC 416, and 
NGC 419, the latest a nd deepest available CMD was 
provi ded with WFPC2 (jMighell et al.lll998bl: IRich et all 
|2000| ). while for Lindsay 38 only ground-based data ex- 
isted. 

In Table [S] we compare our ages using the best-fitting 
Dartmouth isochrones (except NGC 419, for which the 
Padova isochones provided the best fit) with results pub- 
lished in the most recent studies based on HST/WFPC2 
photometry. The data reach ~2 mag below the turnoff 
points, while our ACS dat a have a depth o f 3.5 m ag below 
turnoffs. We can see that iMighell et al.l ([1998b) derived 
a similar age for Lindsay 1 , while for the remaining clus- 
ters in the overlapping sam ple they found yo unger ages 
than the ones derived here. [Rich et al? (200(f), who used 
the same WFPC2 "snapshots" as Mighcll ct al. (1998b), 
gave age ranges for certain metallicities for the clusters 
in their sample, which cover the ages determined in this 
paper. 
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TABLE 6 
Age Comparison 



Rcf. Source 



Lindsay 1 Kron 3 
Gyr Gyr 



NGC339 NGC416 Lindsay 38 NGC419 
Gyr Gyr Gyr Gyr 



This paper 

Rich et aL (2000) 

Mighe ll ot al. 7l998b) 

JJdalski (1998) 

^arajediri^_etaL (1995) 

Alcaino et ah (1996, 2003) 

Piatti et ah (2001') 



7.5 ±0.5 

7.7 ±0.4 

9.0 

7.3 ±0.6 

9-10 



6.5 ±0.5 

5.6-7.9 

4.7 ±0.7 

7.5 



6 ±0.5 

5.0-7.9 

5.0 ±0.6 

4.0 



6 ±0.5 
4.0-7.1 
5.6 ±0.6 



6.5 ±0.5 1.2- 
1.0 



1.6 

1.8 



3.3 



6.0 ±0.6 



"Comparison of our ages derived with the Dartmouth isochroncs. For NGC 419 Padova isochones 



provided the best fit. 

The ages published by lUdalskil (|1998[ ) using OGLE 
(Optical Gravitational Lensing Experiment) data, do not 
exhibit a general trend to older or younger ages as com- 
pared to our results, and the age difference varies for 
each cluster. The OGLE survey is a shallow ground- 
based survey w i th a limiting magnitude of ^21 mag. 
ISaraiedini et al.l ()1995D used the B-V color difference be- 
tween the HB and the RGB for star clusters with red HB 
morphologies for their age determination. The CMDs 
were obtained using data from the 2048 RCA prime-focus 
CCD on the CTIO 4 m telescope (jOlszewski et al.lll987D 
and the photometry reaches V~23 mag. The age found 
for Lindsay 1 is in excellent agreement with our result. 

Alcaino et al. (1996, 2003) used photometry for Lind- 
say 1 obtained with the 1.3 m Warsaw telescope, Las 
Campanas Observatory and reaches V~22 mag. The age 
was determined by using the so-called vertical method, 
based on the difference between the luminosity of the 
MSTO and the HB level. For Kron 3, the photometry 
was taken with the EFOSC-2 CCD camera at the 2.2 m 
Max-Planck-Institut e telescope of ESO , La Silla, and 
reaches V~23 mag ([Alcaino et al.|[l996l ). The age was 
determined using isochrones. In both studies, the result- 
ing ages are higher than our values. iPiatti et al.l ()2001f ) 
were the first to publish an age for Lindsay 38, which is 
in excellent agreement with the age derived in this paper. 

Most CMDs published in previous studies do not go 
deep enough to show a clearly outlined MSTO, which 
is an essentia l feature for mos t age determination tech- 
niques. I Mighell et al.l ()1998bD determined their cluster 
ages relative to the age of Lindsay 1, measuring the dif- 
ference between the RC and the RGB and found similar 
ages as in this paper. Kron 3 is an exception for which 
the authors derived a younger age due to large erro r as- 
sociated with the MS photometry iRich et al.l (|200Gl ) fit- 
ted isochrones to the red clump and also calculated the 
difference between the MSTO and the RC (AK^ ) in 
combination with the calibration of [Walked ()1992l ). The 
cluster a ges found in this paper are within the age ranges 
given bv IRich et al.l ()200 6l . CMDs using ground-based 
photometry reach ~V=20 mag, which is not deep enough 
to show the SGBs or the MSTOs, which can lead to large 
age differences. 

7.2. Age range and spatial distribution 

The intermediate-age SMC star clusters Lindsay 1, 
Kron3, NGC 339, NGC 416, and Lindsay 38 form a con- 
tinuous age sequence from 6 to 7.5 Gyr. The SMC is 
the only dwarf galaxy of the Local Group known to con- 



tain populous star clusters in this age range. The only 
"true" globular cluster in the SMC, NGC 121, has an age 
of 10.5-11.5 Gyr (Paper I), but is still 2-3 Gyr younger 
than the oldest LMC and MW globula r clusters (e.g., 
Olszewski et~all 119961: lOlsen et al.l Il998t iJohnson et all 



1999HMackev fc Gilmorell2004f) . Between NGC 121, and 



the second oldest cluster, Lindsay 1, there is a small age- 
gap (^3 Gyr), in which no surviving star cluster has been 
formed. 

In our sample, we have four clusters with ages between 
6-6.5 Gyr, and one that is significantly younger (1.2- 
1.6 Gyr). Good quality ages are available from ground- 
based and space-based observations for ten additional 
intermediate-age SMC star clusters. Combining them 
with our star clusters, we obtain a complete sample of 
all intermediate-age and old SMC star clusters: Kron 28, 
Kron 44, Lindsay 116, Lindsay 32, Lindsay 11, NGC 152, 
NGC 361, NGC 411, Lindsay 113, and BS90 (TableE]). 

For none of these clusters deep HST photometry is 
available, thus their ages should be considered with 
some caution. For NGC 152, NGC 361, NGC 411, Lind- 
say 113, and BS90 "snapshots" are available taken with 
WFPC2 (reaching V-23 mag), and ACS (BS90, reaching 
V-26 mag). 

Looking at Figure (TJ we clearly see that the youngest 
clusters are located near the SMC main body, while the 
clusters with ages higher than ~4 Gyr lie in the outer 
parts. NGC 361 seems to be an exception, but the clus- 
ter age is still uncertain, and the literature age of 8.1 Gyr 
probably is too high. Growl et al.l (|200ll ) determined a 
distance of 51.7 ± 1.8 kpc for N361 whereby the cluster 
lies ~ 7.5 kpc ahead of the SMC center. Another ex- 
ception is BS90 that lies near the SMC main body, even 
though the cluster has an age of '^4.3 Gyr. The three 
oldest SMC clusters (NGC 121, Lindsay 1, Kron3) are 
located in the north-western part of the SMC. We note 
that Lindsay 116 cannot be seen in Figure [U because it 
is located 6°.l south-east of the bar and lies therefore 
outside the displayed area. 

The closest cluster in our sample, NGC 419, and the 
farthest cluster, Lindsay 38, have a relative radial dis- 
tance of 17 kpc from each other. We can therefore con- 
firm that the SMC has a larg e extension a l ong th e line- 
of-sight, as was also found bv ICrowl et al.l ()2001l ) based 
on its star clusters. 

In Figure [33] we show the distribution of age vs the 
distance to the sun of the clusters in our sample. The lo- 
cations are shown relative to our adopted SMC distance 
and indicate that the clusters generally are distributed 
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TABLE 7 
Literature cluster ages 



Cluster 


Age 
Gyr 


Data 


Method 


Ref . Source 


Kron28 


2.1 ±0.5 


CTIO 0.9 m telescope / Tektronix 2K # 3 COD 


.yRCHB 

T,MWb 


Piatti et al. (2001) 


Kron 44 


3.1 ±0.8 


CTIO 0.9 m telescope / Tektronix 2K # 3 COD 


Piatti et al. (20011 


Lindsay 116 


2.8 ±1.0 
4.8 ±0.5 


CTIO 0.9 m telescope / Tektronix 2K # 3 CCD 
CTIO 0.9 m telescope / Tektronix 2K # 3 CCD 


Piatti et al. (2001) 


Lindsay 32 


Piatti et al. ("20011 


Lindsay 11 


3.5 ±1.0 


CTIO 4.0 m telescope / RCA CCD 


Isochrones 


Mould et al. (19921 
Growl et ai. (2001) 


NGC152 


1.4 ±0.2 


HST/WFPC2 


Isochrones 


NGC361 


8.1 ±1.2 


HST/WFPC2 


Isochrones 


Miehell et al. (1998b1 


NGC411 


1.2 ±0.2 


HST/WFPC2 


Isochrones 


Alves & Saraiedini ^999) 


Lindsay 113 


4.0 ±0.7 


HST/WFPC2 


rfs-v-" 


Mighell et al. (1998a) 


BS90 


4.3 ±0.1 


HST/ACS 


Isochrones 


Sabbi et al. (20071 



The method used by Mighell et al. (1998a) is defined by the (B-V) color difference between the mean color of the red clump 
and the RGB at the level of the RGB. This value then was compared with Lindsay 1, NGC 416, and Lindsay 113. 

"Ages for nine additional intermediate-age clusters from the literature. 
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Fig. 43. — Age vs distance to the sun (projected distance) 
including different symbols for different nictallicity ranges. For 
five clusters we found reliable dist ances Growl et al. (200ll ), age s 
HAlves fc Saraiedinil IT999I ; IPiatti et al.i i2001i : iCrowl et alT[200ll) . 
and metallicities (Kayse r et al. 2008, in prep.). All values for 
BS90 were adopted from lSabbi et al.l II2007I ). The dashed line rep- 
resents the SM C distance modulus of (m — M)q = 18.88 ±0.1 mag 
UStorm et al.ll2004l ). 

within ±6-7 kpc of the SMC centroid. Interesting ex- 
ceptions are the younger clusters Kron 28, NGC 411, and 
NGC 419 that in projection appear near the center of the 
SMC. In fact, they could be located considerably closer 
to us (see also Fig. HI]) . Further measurements of the 
distance of younger clusters thus would be worthwhile. 
Moreover, we included five clusters for which we found re- 
liable ages, distances, and metallicities in the literature. 
We divided the cluster metallicities into four groups and 
use different symbols for each group in the plot. Even 
though our plot contains only 11 clusters, we can see 
trends in the distributions of their properties. Age and 
distance from the sun appear to be correlated. The clos- 
est cluster, NGC 419, is also the youngest and most metal 
rich cluster, while the most distant cluster, Lindsay 38, is 
also the most metal poor, in spite of not being the oldest 
cluster. 

One could speculate that in regions at the outskirts of 
the double LMC-SMC system the star formation activ- 
ity has been lower/slower than elsewhere, possibly with 
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Fig. 44. — Three dimensional distribution is shown for SMC 
star clusters with ages and distances derived from isochrone fits to 
CMDs derived from HST observations. Note that the intermedi- 
ate age clusters are distributed throughout much of the extended 
body of the SMC. As discussed in the text, the selection of clus- 
ters is biased in that our observations generally avoided clusters 
in locations with high field star densities. However, this incom- 
plete sample suggests that age and radial distance from the center 
of the SMC are not correlated; e.g. the younger cluster Kron 28, 
NGC 411, and NGC 419 are at large radial distances and cover a 
range in metallicity. The yellow star symbolizes the SMC center. 

more unenriched gas, thus allowing for a more moderate 
enrichment. The oldest object, NGC 121, is not the most 
metal poor cluster, but the second metal poorest and the 
second farthest one. Its low metallicity could be the re- 
sult of both a "natural" age-metallicity relation and a 
"distance from the system" effect. 

Figure mi illustrates the distribution of SMC star clus- 
ters with high quality distances derived from isochrone 
fits to CMDs derived from HST observations. This is a 
highly biased sample; star clusters seen in the direction 
of the SMC 'bar' are not preferred for these projects be- 
cause of their large levels of field star contamination. The 
exception in this case is the cluster BS90 that was acci- 
dently included in observations of NGC 346 (see Sabbi 
et al. 2007). The present limited data for clusters in 
this project show that the SMC is quite extended along 
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TABLE 8 
Distances 



Cluster 



Projected Dist. 
kpc 



Dist. to SMC Center 
kpc 



NGC121 


64.9 ±1.2 


8.76 ±1.1 


Lindsay 1 


56.9 ±1.0 


13.28 ±1.0 


KronS 


60.6 ±1.1 


7.19 ±1.1 


NGC 339 


57.6 ±4.1 


0.73 ±2.0 


NGC416 


60.4 ±1.9 


3.94 ±1.4 


Lindsay 38 


66.7 ±1.6 


6.27 ±1.3 


NGC 419 


50.2 ±2.6 


10.83 ±1.6 


NGC 411 


50.1 ±1.7 


11.1 ±1.3 


NGC 152 


59.0 ±1.8 


5.58 ±1.3 


Kron 28 


45.2 ±1.7 


14.78 ±1.3 


Kron 44 


57.7 ±1.8 


4.37 ±1.3 


BS90 


60.3 


1.23 


"The projectec 


distances were 


calculated in this pa- 



per and adopted from lCrowl et aLl ll2001h TSabbi et al.l 
l|2007"). Using these values and the cluster coordinates, 
we determined the cluster distances to the SMC center 
(a = 0'*52'"44.8^ <5 = -72°49'43"). 

the line of sight, consistent with other studies of individ- 
ual stars and star clusters (see discussion in § [6]) . This 
three dimensional distribution of the clusters also demon- 
strates the lack of trends in cluster age or metallicity with 
radial distance from the center of the SMC. 

7.3. Age distribution and cluster formation history 

By combining the ages of our sample with 9 literature 
ages for intermediate-age SMC star clusters listed in Ta- 
ble [7l we obtain a well-observed sample of intermediate- 
age and old star clusters in the SMC. The cluster 
NGC 361 was excluded from the sample, because the 
cluster i s almost certainly y ounger than the assumed 
-8 Gyr ("Migh ell et ai]ll998bn . 

The age distribution is shown in Figure 1451 In each 
panel we show our resulting age distribution using ages 
of different isochrone models (black histrograms) and the 
combined sample (white histograms). Since the cluster 
ages from the literature were derived using different data 
and methods, their distribution does not change. 

In all three plots of Figure US] the small age gap 
between ~8 and 10 Gyr can clearly be seen. In the 
first panel we used ag e s deri ved with the Dartmouth 
isochrones. iRich et al.! (200^ based on HST/WFPC2 
found two brief cluster formation intervals with the old- 
est set 8 ± 2 Gyr ago and the second 2 ± 0.5 Gyr ago, 
and argued that there were gaps in between. During the 
older burst the clusters NGC 339, NGC 361, NGC 416, 
and Kron 3, and during the younger burst the clusters 
NGC 411, NGC 152, and NGC 419 have formed accord- 
ing to lRichet all (|200d ). 

Even though they used the sam e HST/ WFPC2 data 
as lRich et al"T(|2000t ). lMighell et al.l (|1998bD found no ev- 
idence for such cluster formation bursts. We also find no 
evidence for two significant bursts of star cluster forma- 
tion in our SMC age distribution, but we do see a slightly 
enhanced cluster formation activity around 6 Gyr. In the 
second and the third panel we used our derived Teramo 
and Padova ages, respectively. The cluster formation at 
6 Gyr is even more obvious for both isochrone models 
than in the upper panel. 

Apparently, between ~5 and 6 Gyr no star cluster with 
sufficient mass to survive has formed, but if Lindsay 113 



is older than the assumed 4 Gyr adopted from the liter- 
ature, the cluster lies within the gap. We suggest that 
the SMC has formed its clusters during its entire life- 
time with some epochs of more intense cluster forma- 
tion activity. More detailed information about the age 
distribution requires additional deep observations of all 
remaining intermediate-age SMC star clusters. 

As shown in Figure [44] there appears to be no sim- 
ple relationship between cluster position and metallicity 
in any age range. This perhaps is to be expected given 
that tidal interactions may have perturbed the orbits of 
star clusters after they formed or provided opportunities 
for clusters to form at large radii, as in the present-day 
SMC wing. We have to emphasize that the cluster sam- 
ple shown in Figure [44l is not complete. Only for 12 clus- 
ters reliable distances have been measured this far (see 
§ [S]) , and these are shown in the Figure. The question of 
the metallicity distribution of the clusters and how this 
relates to age and position is more complex and beyond 
the scope of this paper. 

7.4. Evolutionary history of the SMC as a whole 

Looking at the metallicities of our star clusters 
(Tab. [5]), we see that the SMC did not experience a 
smooth age-metallicity relation, even though the SMC 
is believed to be well-m i xed at the present day (b ut see 
IGrebel fc Richtlal [1993 IGonzalez fc Wallersteini ri999). 
The oldest SMC star cluster, NGC 121, has a metal- 
Hcity of [Fe/H] == -1.46 ± 0.10 and an age of 10.5- 
11.5 Gyr, while Lindsay 38 is more metal-poor with 
[Fe/H] = -1.59 ± 0.10 but has an age of 6.5 ± 0.5 Gyr. 
SMC star clusters of similar age may differ by several 
tenths of dex in metallicity (see also Da Costa et al. 
1998, Kayser et al. 2008, in preparation). The probably 
most reasonable explanation involves the infall of unen- 
riched, or less enriched gas. The Magella nic Clouds ar e 
surrounded by an extensive HI halo (e.g.. lDickevlll996f) . 
therefore this possibility may be plausible. Another spec- 
ulative explanation for the existence of those metal-poor 
clusters is that the SMC acquired these clusters in a past 
interaction with another dwarf galaxy, similar to the clus- 
ters from the Sagittar ius dwarf galaxy bei ng acquired by 
the Milky Way (e.g., ICarraro et al]|2007t ). 

The SMC, LMC, and MW form an interacting triple 
system, which affects each other's star formation history 
(SFH). However, recent studies have suggested that the 
Magellanic Clouds only entered the vicinity of the MW 
fairly recently (e.g., Kallivayalil et al. 2006a/b). It is in- 
triguing that the LMC has a significant age gap between 
^^4-9 Gyr, while the SMC formed its clusters continu- 
ously during the same time period. Moreover, the SMC 
appears to have a "delayed" globular cluster formation 
history and formed its first and only globular cluster, 
NGC 121, 2-3 Gyr later then the LMC or the MW. 

Possible orbits of the SMC, LMC, and MW have 
been modelle d by several authors (e.g., Kallivayalil et 
al. 2006a /b: iBekki fc Chibal [2005h . Strong tidal per- 
turbations due to inter actions could ha ve triggered the 
cluster formation (e.g., IWhitmorelll999l ) in the SMC. In 
the LMC, we find that star clusters have formed in ev- 
ident bursts. Th e LMC has two ma in epochs of cluster 
formation (e.g., iBertelli et al.|[l993 ) and a well-known 
age-gap of several billion years, in which no star clus- 
ters have formed. A few globular clusters are found 
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Fig. 45. — The age distribution of 15 intermediate-age and old 
SMC clusters (excluding NGC361) with ages derived in this pa- 
per, in Paper I (plotted a s black histograms) , and adopted from 
?Mighell et al. 1998a/b, 'Mould et al.' T99a lAlves fc Saraiedinil 
[1999; Rich ct al. 2000; Piatti et al. 2001; Growl ot al. 200f) (plot- 
ted as white histrograms). Since the cluster ages from the literature 
were derived using different data and methods, their distribution 
does not change. In the first panel we used the ages found using 
the Dartmouth models, in the second we use the Padova ages, and 
in the last panel the Teramo ages were used. The literature ages of 
NGC152, NGC411, and Lindsay 113, are based on HS T/WFPG2 
data (Mighell et al. 1998a/b, Alves fc Sarajedini 19991: IRich et al.l 
120001) ■ while the adopted ages of Kron28, Kron44, Lindsay 11, 
Lindsay 3 2, and Lindsay 116 are derived from ground- based pho- 
tometry l IMould et al.lll992l; [Growl et al.|[200il; IPiattfet al.ii2001i) . 
NGG 361 is not considered due to its uncertain age. The age distri- 
bution illustrates the continuous cluster formation with the small 
age gap between ~8 and 10 Gyr. 

with coeval ages like t he Galactic g lobula r clusters (e.g., 
Olszewski etahl [19911: lOlsen et al.l Il998t [Johnson et all 
1999). We know only of one star cluster, ESO 121- 
SC03, that lies within the age-gap , which has an age 
of 8.3-9.8 Gyr ([Mackev et all (20061 ). A correlation be- 
tween young star clusters in the LMC and putative close 
encount ers with the SMC and MW have been found 
by e.g. [Girardi et al.l ([T995), although the most recent 
proper motion measurements indicate that the Magel- 
lanic Clouds are currently on their first passage around 
the MW. 

For young SMC clusters a relation between close en- 
counters and the cluster formation history is not as obvi- 
ous as for LMC clusters probably d ue to a smaller num- 
ber of clusters ([Chiosi et al.l l2006[ ) . The age distribu- 
tion in Figure |3S| shows that a slightly enhanced num- 
ber of star clusters with ages around 1 Gyr is located 
in the SMC, which might have been produced through a 
clou d-cloud collision after a pericenter passage ~0.5 Gyr 
ago ([Bekki fc Chiba[[2005( ). But evidently massive star 
clusters older than 1 Gyr have formed continuously until 
~7.5 Gyr ago (Lindsay 1). It is not yet understood why 
populous star clusters older than 4 Gyr have not formed 
and survi ved continuously in the LMC, while in the SMC 
they did. iBekki fc Chiba[ (|2005f l explained the different 
cluster formation histories of the Clouds as a difference 
in birth locations and initial mass of the host galaxies. 

Kallivayalil et al. (2006a/b, see also Piatek et al. 2008) 
measured proper motions for the SMC and the LMC and 
used Monte Carlo simulations to model the orbits of the 
Clouds and the MW. While they found bound orbits for 



the Clouds, they also found that it was difficult to keep 
the Clouds bound to each other for more than 1 Gyr in 
the past. It is possible that the Clouds are n ot a bound 
system (see also e.g., [Bekki fc Chiba[[2005[ ). and that 
they are making their first passage close to the Milky 
Way. 

8. SUMMARY 

In this paper, we have presented ages for the six 
intermediate-age SMC star clusters Lindsay 1, Kron3, 
NGC339, NGC416, Lindsay 38, and NGC419 based on 
HST/ACS stehar photometry in the F555W and F814W 
passbands. The resulting CMDs represent the deepest 
published photometry so far and extend at least three 
magnitudes below the respective MSTOs. In order to 
obtain absolute ages, we applied three different isochrone 
models. The resulting ages are summarized in Table HI 
We list the clusters by their identification in column (1). 
Th e [Fe/H] valu e s are given in column (2) in the scale 
bv [Zinn fc West! (|1984l) . Column (3) shows the magni- 
tude of the MSTO msss^TO, column (4) the magnitude 
of the red bump and column (5) the magnitude of the 
red clump m^^^^fic- The columns (6), (7) and (8) show 
the absolute ages determined using the isochrone models 
of Teramo, Padova and Dartmouth. 

We find that the Dartmouth isochrones provide the 
closest approximation to the MS, SGB, and RGB, 
whereas the other models mostly cannot reproduce the 
slope of the upper RGB when using the spectroscopically 
determined metallicity and requiring that the isochrones 
fit the MSTO and SGB. The Dartmouth isochrone mod- 
els yield agesof 7.5±0.5 for Lindsay 1, 6.5±0.5 for KronS, 
6 ± 0.5 for NGG 339, 6 ± 0.8 for NGC 416, and 6.5 ± 0.5 
for Lindsay 38. In general the isochrones provide good 
fits to the MSTO and SGBs that determine ages. 

For the youngest cluster, NGC 419, only the Padova 
isochrones fitted the CMD, while the Teramo isochrones 
had major problems with fitting the SGB and RGB, 
and the Dartmouth isochrones are not available for such 
young ages. 

The difficulties of various isochrone models of given 
metallicities in reproducing the upper red giant branches 
of clusters wit h the same m etallicities are a well-known 
problem (e.g., lGrebe]|[l997l [i999V Figures [l8l|22l and|30] 
reflect the general failure of the chosen stellar evolution- 
ary models to simultaneously jreproducc all of the major 
features of CMDs (e.g., iGallart et al.ll2005f) in spite of 
the excellent fit to the lower RGB, SGB, and MS. For 
each cluster we fitted a fiducial ridgeline that provides 
a unique set of low-metallicity fiducial isochrones, which 
are invaluable for detailed comparisons with stellar evo- 
lution models. 

In each of our cluster CMDs stars blueward of and 
above the MSTOs are visible, which could be BSS. 
The radial cumulative distribution of BSS candidats in 
Lindsay 1, Kron3, NGC 339, Lindsay 38, and NGC419 
showed that the stars found in the BSS regions are not 
concentrated toward the cluster centers and are therefore 
most probably part of the younger MS of the SMC field 
star population. For NGC 416, we find an indication for 
centrally concentrated BSS candidates. 

Looking at the spatial distribution, we find that the 
three oldest SMC clusters (NGC 121, Lindsay 1, Kron3) 
lie in the north-western part of the SMC, while the 
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TABLE 9 

Parameters 



Cluster [Fe/H]zwm ^g^Teramo AgSPadova ^g^Dartmouth 

Gyr Gyr Gyr 



NGC121 


-1.46 ±0.10 


11.8 ±0.7 


11.2 ±0.7 


10.5 ±0.5 


Lindsay 1 


-1.14 ±0.10 


8.3 ±0.7 


7.7 ±0.7 


7.5 ±0.5 


Kron3 


-1.08 ±0.12 


7.2 ±0.5 


7.1 ±0.7 


6.5 ±0.5 


NGC339 


-1.12 ±0.10 


6.6 ±0.5 


6.3 ±0.5 


6 ±0.5 


NGC416 


-1.00 ±0.13 


6 ±0.8 


6.6 ±0.8 


6 ±0.8 


Lindsay 38 


-1.59 ±0.10 


6.3 ±0.5 


6.3 ±0.5 


6.5 ±0.5 


NGC419 


-0.67 ±0.12 




1.2-1.6 


1.2-1.6 



"All derived ages are listed. The metallicities for the clus- 
ters NGC 121, Lindsay 1, Kro n 3 and NGC 339 are taken from 
IDa Costa fc Hatzidimitrioul II1998I ). where we adopted the ZW84 metal- 
licity scale. The metallicities for NGC 416, Lindsay 38, and NGC 419, 
were taken from Kayser et al. 2008, in prep, in the CG97 scale, and 
which we transformed to ZW84 scale by using the transformation by 
ICarretta fc GrattonI liTWT\ ). 



youngest clusters are located near the SMC main body. 
Star clusters with ages higher than ^4 Gyr are located 
in the outer parts. 

From the observed red clump magnitude we give a dis- 
tance estimate for our clusters. We find that Lindsay 38 
is the most distant cluster in our sample with d~68 kpc, 
while NGC 419 is the closest cluster with d~53 kpc. 
Therefore, the closest and farthest cluster in our sam- 
ple have a distance from each other of ~17 kpc, which 
agrees with the assumed large depth extent of the SMC. 

Further, we conclude that the SMC experienced mas- 
sive cluster formation, remnants of which have survived 
from over much of its lifetime, unlike the LMC or MW. 
The oldest and only globular cluster, NGC 121, has 
formed ~11 Gyr ago, while the next oldest set of sur- 
viving massive clusters, e.g. Lindsay 1 or NGC 361, date 
from approximately 3 Gyr later. After this time the 
largest age gaps are ~1 Gyr suggesting that massive star 
clusters occured without any substantial multi-Gyr hia- 
tus. The SMC apparently formed massive star clusters 



that have survived from most of its lifetime. 
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